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GENERAL INTRODUCTION 

American Chemical Society Series of 
Scientific and Technologic Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1919, the American 
Chemical Society was to undertake the production and publication of 
Scientific and Technologic monographs on chemical subjects. At the same 
time it was agreed that the National Research Council, in cooperation with 
the American Chemical Society and the American Physical Society, should 
undertake the production and publication of Critical Tables of Chemical 
and Physical Constants. The American Chemical Society and the National 
Research Council mutually agreed to care for these two fields of chemical 
development. The American Chemical Society named as Trustees, to 
make the necessary arrangements for the publication of the monographs, 
Charles L. Parsons, secretary of the society, Washington, D. C.; the late 
John E. Teeple, then treasurer of the society, New York; and Professor 
Gellert Alleman of Swarthmore College. The Trustees arranged for the 
publication of the A. C. S. series of (a) Scientific and (b) Technologic 
Monographs by the Chemical Catalog Company, Inc. (Reinhold Publishing 
Corporation, successors) of New York. 

The Council, acting through the Committee on National Policy of the 
American Chemical Society, appointed editors (the present list of whom 
appears at the close of this introduction) to have charge of securing authors, 
and of considering critically the manuscripts submitted. The editors 
endeavor to select topics of current interest, and authors recognized as 
authorities in their respective fields. 

The development of knowledge in all branches of science, especially in 
chemistry, has been so rapid during the last fifty years, and the fields 
covered by this development so varied that it is difficult for any individual 
to keep in touch with progress in branches of science outside his own 
speciality. In spite of the facilities for the examination of the literature 
given by Chemical Abstracts and by such compendia as Beilstein^s Hand- 
buch der Organischen Chemie, Richter’s Lexikon, Ostwald’s Lehrbuch der 
Allgemeinen Chemie, Abegg’s and Gmelin-Kraut’s Handbuch der Anor- 
ganischen Chemie, Moissan’s Traits de Chimie Min^rale G^n^rale, Friend’s 
and Mellor’s Textbooks of Inorganic Chemistry and Heilbron’s Dictionary 
of Organic Compounds, it often takes a great deal of time to codrdinate 
the knowledge on a given topic. Consequently when men who have spent 
years in the study of important subjects are willing to coSrdinate their 
knowledge and present it in concise, readable form, they perform a service 
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of the highest value. It was with a clear recognition of the usefulness of 
such work that the American Chemical Society undertook to sponsor the 
publication of the two series of monographs. 

Two distinct purposes are served by these monographs: the first, whose 
fulfillment probably renders to chemists in general the most important 
service, is to present the knowledge available upon the chosen topic in a 
form intelligible to those whose activities may be along a wholly different 
line. Many chemists fail to realize how closely their investigations may 
be connected with other work which on the surface appears far afield from 
their own. These monographs enable such men to form closer contact 
with work in other lines of research. The second purpose is to promote 
research in the branch of science covered by the monographs, by furnishing 
a well-digested survey of the progress already made, and by pointing out 
directions in which investigation needs to be extended. To facilitate the 
attainment of this purpose, extended references to the literature enable 
anyone interested to follow up the subject in more detail. If the literature 
is so voluminous that a complete bibliography is impracticable, a critical 
selection is made of those papers which are most important. 

AMERICAN CHEMICAL SOCIETY 

BOARD OF EDITORS 

F. W. Willard, Editor of Monographs 

Scientific Series: — Technologic Series: — 

S. C. Lind, Walter A. Schmidt, 

W. Mansfield Clark, E. R. Weidlein, 

Linus C. Pauling, W. G. Whitman, 

L. F. Fieser. C. H. Mathewson, 

Thomas H. Chilton, 
Bruce K. Brown, 

W. T. Read, 

Charles Allen Thomas. 



Introduction 


In this work an attempt is made to present a brief but fairly complete 
account of the preparation, properties and reactions of acetylene along 
with an extensive classified bibliography. A restricted section of this 
subject, namely the manufacture of calcium carbide and the derived 
acetylene, is covered quite thoroughly in a number of earlier books (1) 
and in several special periodicals (2). Accordingly, only an abridged 
discussion of this topic appears here. The use of acetylene as a raw 
material for industrial syntheses also has been the subject of a few books 
(8) and numerous short review articles (4). 

The arrangement of this work is based entirely on a classification of the 
methods of preparation and type reac^tions of acetylene, rather than on 
considerations of historical sequence or industrial status. 

In any treatise on acetylene numerous references to other acetylenic 
compounds are inevitable. In the first place many of these are best pre- 
pared by substitution in acetylene. The substitution products in turn 
serve as intermediates in many useful laboratory preparations ; accordingly, 
a short section has been included which points out the principal stepwise 
syntheses from acetylene through substituted acet^denes. Secondly, many 
reactions of acetylene are best understood by comparison with parallel 
reactions of other acetylenic compounds. Historically, a number of 
reactions were first applied to other acetylenic hydrocarbons and were 
later adapted to acetylene, and this order of development is still common, 
because reactions of acetylene are often more complicated and difficult 
than those of other compounds of the series. For these reasons numerous 
reactions of other acetylenic compounds are cited, but it should be re- 
membered that a complete survey of the reactions of the series is not 
intended. 

Because of unavoidable delays in the completion and publication of 
this work, it has not been possible to cover the literature on most topics 
later than 1938. 
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Chapter I 

The Physical Properties, Preparation, and Purification 

of Acetylene 

1. The physical and thermodynamic properties and the molecular 
structure of acetylene. Acetylene is a colorless gas, and when pure is said 
to have a slight, pleasant odor. The rather disagreeable odor of acetylene 
prepared from calcium carbide appears to be due to traces of impurities. 
Physiologically, acetylene acts as an anesthetic and the purified gas has 
been used for this purpose (i). 

The reported critical temperature of acetylene is 36.5® (Jf fe, &-B ) , the critical 
pressure 61.6 atm {lh,3), and the critical volume 83 cc (5) . Liquid acetylene 
has been found to have a density of 0.451 at 0® and 0.613 at — 80® {1 fc, 8, 5, 6 ) . 
Under a pressure somewhat above one atmosphere solid acetylene is re- 
ported to melt at — 81-2®C. (15, 3, 6, 7-10) and to sublime at -83-4® at 
atmospheric pressure (1*5, 5,7^11). The vapor-pressure curve of acetylene 
has been plotted (S, 5, 10 ^ 12-14)- The properties indicate that acetylene 
like other simple hydrocarbons is not an associated substance. In this 
respect acetylene is totally unlike other simple labile hydrogen compounds, 
such as ammonia, hydrogen cyanide and water, which are associated be- 
cause of hydrogen bonding to atoms of oxygen or nitrogen. 

Villard (<S) has reported the formation of a crystalline hydrate of acety- 
lene, C 2 H 2 -61120, at low temperatures and increased pressure. This 
substance is frequently responsible for clogging acetylene pipe lines. For- 
crand and Thomas {8a) also investigated several mixed hydrates of acety- 
lene with halogenated hydrocarbons. 

The absorption spectrum of acetylene and deuterioacetylene in both the 
infrared (15-36) and ultraviolet regions {37-4S) has been extensively 
studied. The Raman effect in acetylene also has been the subject of 
numerous investigations (44-68). Herzberg, Patat and Spinks (86, 58) 
have deduced the bond lengths in acetylene from Raman spectrum data 
and report the C-H distance to be 1.058 A and the C-C distance 1.199 A. 
On the basis of electron diffraction measurements Pauling, Springall and 
Palmer (59) assign the values 1.058 A for the C-H distance and 1.205 A 
for the C-C distance. The optical data also point to a linear structure 
of the acetylene molecule (19, 58) as indicated in the ordinary structural 
formula. The zero dipole moment of some symmetrical disubstituted 
acetylenes may be cited in further confirmation of a linear structure in 
acetylenic compounds (60-68). Physical data of this type tend to dis- 
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prove the existence of acetylidene isomers of the acetylenes, which had been 
proposed by Nef and other investigators {63-66) and which had later been 
discredited on purely chemical grounds {67, 68). However, the existence 
of a small proportion of an acetylidene isomer in tautomeric equilibrium 
is a possibility {66). 

The heat of formation of acetylene from graphite and hydrogen has been 
calculated by several methods {69-71) and an average value of —54,900 
cal. per mol has been reported recently {72). The highly endothermic 
character of acetylene is the driving force behind many of its addition 
reactions, and gives it outstanding value as a gaseous fuel, but also is 
attended by the danger of explosive decomposition to the elements (see 
Chapter I, Sect. 5) which may be initiated by heat, electric sparks, or 
by the detonation of the metal acetylides formed under certain conditions 
(see Chapter II). The hazard of acetylene explosions has led to numerous 
recommendations and legal restrictions on its storage, shipping, and use 
{1 a, 73 ) . Numerous books, articles and reviews describe explosions of acety- 
lene (see Ref. 1, Introduction, and Refs. 35, 41-53, Chapter I, Section 5). 
As a result of the hazardous nature of gaseous acetylene, especially under 
pressure, it is always stored in a solvent in cylincfers filled with a porous 
solid (see Chapter I, Sect. 9). 


References 

(1) Wieland and Gauss, Klin. Wochenschrift, 2, 113 (1923). Horwitz, Lancet, 1, 
619 (1923). Boehringer and Wieland, Brit. P. 20, 241 (1923'). Rimarski, Z. angew. 
Chem., 36, 409-12 (1925). 

(la) idem ‘‘Acetylen in sicherheitstechnische Hinsicht,*^ Halle (1925). 

(lb) Manson, ^Tables de constantes de Pacetyldne et de Poxygdne,^^ Paris (1937) 
48 pp. 

(2) Ansdell, Proc. Roy. Soc. London^ 29, 209 (1879). 

(3) McIntosh, J. Phys. Chem., 11, 306-17 (1907). 

(4) Cardoso and Baume, Compt. rend., 161, 141-3 (1910). 

(5) Maas and Wright, J. Am. Chem. Soc., 43, 1089-1111 (1921). 

(6) Cailletet, Compt. rend., 86, 851-2 (1877). 

(7) Ladenburg and Krugel, Ber., 32, 1818-32 (1899). 

(8) Villard, Compt. rend., 120, 1262-5 (1895); Bull. soc. chim., (3) 13, 997-8 (1895). 
(8a) Forcrand and Thomas, Compt. rend., 126, 109-11 (1897). 

(9) Willson and Suckert, J. Franklin Inst., 139, 327 (1896). 

(10) Hunter, J. Phys. Chem., 10, 330-60 (1906). 

(11) Burrell and Robertson, J. Am. Chem. Soc., 37, 2482-6 (1915). 

(12) Idem, Bur. Mines Tech. Paper 142 (1916). 

(13) Pollitzer, Z. angew. Chem., 36, 262-6 (1923). 

(14) Aries, Compt. rend., 166, 802-5 (1918). 

(15) Deslandres, ibid., 181, 387-92 (1925). 

(16) C. F. Meyer and Levin, Proc. Nat. Acad. Sci., 13, 298-302 (1927). 

(17) C. F. Meyer, Bronk and Levin, J. Opt. Soc. Am., 16, 257-65 (1927). 

(18) Levin and C. F. Meyer, ibid., 16, 137-64 (1928). 

(19) Hedfeld and Mecke, Z. Physik, 64, 161-61 (1930) ; 66, 241-5 (1930). 

(20) Childs and Mecke, ibid., 64, 162-72 (1930). Mecke, ibid., 64, 173-90 (1930). 

(21) Badger, Phys. Rev., 36, II, 1433 (1930). 



PHYSICAL PROPERTIES, PREPARATION, PURIFICATION 3 


(22) Deslandres, Compt. rend,^ 192, 1417-21 (1931). 

(23) Hedfeld and Lueg, Z. Physik, 77, 446-58 (1932). 

(24) Lochte-Holtgreven and Eastwood, ibid. ,19, 450-4 (1932) ; A^a^wre, 130, 403 (1932). 

(25) Strong and Woo, Phys. Rev., 42, 267-78 (1932). 

(26) Herzberg, Patat and Spinks, Nature, 133, 951 (1934). 

(27) Mecke, Ganswein and Vierling, Z. Elektrochem., 40, 474-5 (1934). 

(28) Herzberg and Spinks, Z. Physik, 91, 386-99 (1934). 

(29) Sutherland, Nature, 134, 775-6 (1934); P%s. Rev., 43, II, 883-6 (1933). 

(30) Bradley and McKellar, Phys. Rev., 46, 664-6 (1934), 47, 914-17 (1935). 

(31) Funke and Herzberg, ibid., 49, 100 (1936). 

(32) Funke, Z. Physik, 99, 341-52 (1936). 

(33) Ganswein and Mecke, ibid., 99, 189-203 (1936). 

(34 j Mecke and Ziegler, ibid., 101, 405-17 (1936). 

(35) Funke, ibid., 104, 169-87 (1937). 

(36) Funke and Lindholm, ibid., 106, 518-31 (1937). 

(37) Hopfield, Phys. Rev., 29, 356 (1927). 

(38) Kistiakowsky, ibid., 37, 276-8 (1931). 

(39) Herzberg, Trans. Faraday Soc., 27, 378-84 (1931). 

(40) Rose, Z. Physik, 81, 751-63 (1933). 

(41) Price, Phys. Rev., 46, 483-4 (1934); 47, 444-52 (1935). 

(42) Jonesco, Compt. rend., 199, 710-13 (1934); 200, 817-19 (1935). 

(43) Gopfert, Z. wiss. Phot., 34, 156-73 (1935). 

(44) Daure, Trans. Faraday Soc., 26, 825-8 (1929). 

(45) Venkateschar and Sibaiva, Indian J. Physics, 6, 747-54 (1930). 

(46) Mecke and Hedfeld, Z. Elektrochem., 36, 803 (1930). 

(47) Segr6, Atii accad. Lined, 12, 226-8 (1931); C. A., 25, 2641 (1931). 

(48) Bhagavantam, Nature, 127 , 817-8 (1931); 128, 188 (1931); Indian J. Physics, 6 , 
319-30 (1931); C. A., 26, 1190 (1932). 

(49) Daure and Kastler, Compt. rend., 192, 1721-3 (1931). 

(50) Mecke, Z. physik. Chem., B17, 1-20 (1932). 

(51) Glockler and Davis, J. Chem. Phys., 2, 881-9 (1934) ; Phys. Rev., 46, 535 (1934). 

(52) Herzberg, Patat and Spinks, Z. Physik, 92 , 87-99 (1934). 

(53) Morino, Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 25, No. 537,232-4 (1934); 
C. A., 29, 2084 (1935). 

(54) Glockler and Morrell, Phys. Rev., 47, 569 (1935). 

(55) Herzberg, Patat and Verleger, Z. Physik, 102, 1-22 (1936). 

(56) Glockler and Morrell, J. Chem. Phys., 4, 15-22 (1936). 

(57) Bhagavantam and Rao, ibid., 4, 293 (1936); Proc. Indian Acad. Sci., 3A, 135-9 
(1936); C. A., 30, 4401 (1936). 

(58) Placzek, “Handbuch der Radiologie,” Vol. 6, Part 2, Akademische Verlagsges 
Leipzig, 1934. 

(59) Pauling, Springall and Palmer, J. Am. Chem. Soc., 61, 927-37 (1939). 

(60) Smith and Zahn, ibid., 47, 2501-6 (1925). 

(61) Watson, Rao and Ramaswamy, Proc. Roy. Soc. London, A143, 558-88 (1934). 

(62) Wenzke and Allard, J. Am. Chem. Soc., 56, 858-60 (1934). 

(63) Carstanjen, J. prakt. Chem. (2), 4, 419-26 (1871). 

(64) Nef, Ann., 298, 332-74 (1897) ; 308, 264-328 (1899). 

(65) Lawrie, Am. Chem. J., 36, 487-510 (1906). 

(66) Ingold, E. H., /. Chem. Soc., 125, 1528-37 (1924). 

(67) Biltz, Ber., 46, 143-9 (1913) ; 60, 2413 (1927). 

(68) Peratoner and Spallino, Ber., 34, 271S-22 (1901). 

(69) Berthelot, Compt. rend., 82, 24-30 (1876). 

(70) Thomsen, Pogg. Ann., 148, 384r404 (1873). 

(71) Mixter, Am. J. Set. U), 12, 347-57 (1901); (4), 19, 434-44 (1905); (4), 22, 13-18 
(1906). 



4 


THE CHEMISTRY OF ACETYLENE 


(72) Parks and Huffman, 'The Free Energies of Some Organic Compounds,** pp. 
84-86, New York, Chemical Catalog Co., Inc. (Reinhold Publishing Corp.), 
1932. 

(73) Rosemberg, "Recueil des r^glements, prescriptions, recommendations con- 
cernant les industries du carbure de calcium, de I’oxyg^ne, de Tacetylene et 
de la soudre autog^ne,’* Paris (1930) 141 pp.; Chim, et ind.^ 23 , 1689 (1930). 
"Safety in the Manufacture and Use of Acetylene,** International Labour Office 
Studies and Reports, Series F, Second Section, No. 5, King and Sons, Ltd., 
London. Bloch-See and Rosemberg, J. acetylhney No. 96 , 986-93 (1935). Buc- 
car, R^v. gkn. mat, plastiqueSy 14 , 3-5 (1938); C. A.y 32 , 4688 (1938). 

2. A brief survey of the structure and synthesis of the acetylenic car- 
bides.* The carbides of the alkali metals, M2C2, and of the alkalirie-earth 
metals, MC2, yield acetylene upon hydrolysis with water or treatment with 
various acidic substances. Under similar conditions the rare-earth 
carbides, MC2, yield mixtures of hydrogen and acetylene with ethylene, 
ethane (formerly reported as methane), and small proportions of higher 
aliphatic hydrocarbons. There is evidence that these carbides are all 
electrovalent compounds of the metals with the bivalent anion C2. All of 
them are solids of comparatively high melting point and very slight solu- 
bility in non-polar solvents. On the basis of x-ray studies of their crystal 
structure, the carbides of calcium, strontium, barium, lithium, cerium, 
praseodymium and neodymium are considered by Stackelberg ( 3 ) to have 
ionic lattices of a modified sodium chloride type in which the anion is the 
C2 group. Investigations of the electrical conductivity of fused calcium 
carbide { 4 ) and the electrolysis of lithium carbide and calcium carbide 
dissolved in the fused hydrides ( 5 ) show that these substances are ionized 
to the metal cation and the C2 anion at high temperatures. The con- 
ductivity of sodium acetylide in liquid ammonia solution ( 6 ) and of com- 
pressed solid sodium carbide and lithium carbide (7) also tends to prove the 
electrovalent nature of these carbides. From the research of Damiens ( 8 ) 
it appears that the rare-earth carbides also may be principally simple 
compounds of the metals with the C2 anion, and that the metals change 
from the bivalent state to a higher valence during hydrolysis, yielding 
acetylene and nascent hydrogen with subsequent hydrogenation and 
pol3anerization of a part of the acetylene to give complex and variable gas 
mixtures. 

The acetylenic, carbides of the alkali metals and of magnesium begin to 
decompose to their elements at relatively low temperatures. Probably 
for this reason these carbides may be made most readily through replace- 
ment of the hydrogen of acetylene at low temperatures by the metals 
(see Chapter II, Section 2). These carbides have not been made by the 

* The literature has been briefly reviewed by Moissan (i) and Putnam and Kobe 

(^). 
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action of the metal oxides on carbon, and have been prepared with difficulty 
and in an impure state by the action of carbon or carbon compounds on the 
metals. A mixture of potassium carbide with much excess carbon was 
probably obtained by E. Davy (9) on heating acid potassium tartrate 
with carbon; and the hydrolysis of this material yielded a gas having a 
composition and properties w^hich indicate that it was acet 3 dene. This is 
the earliest recorded preparation of acetylene (1837). Parsons {18a) 
claimed that sodium carbide w^as produced in mixture with boron carbide 
upon heating sodium tetraborate with carbon at about 1200®. The action 
of sodium, potassium, rubidium and cesium on carbon at 400-800® has 
been studied {10, 11, 12) without obtaining evidence of the formation of 
acetylenic carbides in appreciable quantities. Moissan {12) states that 
sodium carbide begins to decompose at about 400® and considers its synthe- 
sis from sodium and carbon impracticable; but later workers {Ui) claim 
that small quantities can be prepared at higher temperatures, presumably 
as an equilibrium mixture with the metal and carbon. Baimakov {18) 
has investigated the formation of sodium carbide on a carbon cathode 
during the electrolysis of fused sodium halides. Lithium carbide was 
isolated by Moissan {15) upon heating lithium carbonate with carbon in 
an electric tube furnace until the vapor of metallic lithium just began 
to be evolved. Guntz {16) w^as unable to prepare it by a similar method, 
but obtained it from lithium and carbon at a dull red heat, at which tem- 
perature some decomposition took place. Antropoff and Muller (7) 
state that the decomposition of lithium carbide begins at 300®. Moissan 
{13) proved that the carbide MgC 2 was decomposed in the electric furnace 
and the work of later investigators {17) on the reaction of carbon with 
magnesium oxide at high temperatures shows that little or no carbide is 
formed. However it has also been claimed {18, 19) that a small propor- 
tion of magnesium combines with carbon at lower temperatures. 

Another method of preparing somewhat impure samples of these ther- 
mally unstable carbides consists in heating the metals in a stream of a 
gaseous carbon compound, such as an oxide of carbon, a hydrocarbon, or an 
organic oxy-derivative. Thus lithium carbide was made by Guntz {16) 
from lithium and ethylene, carbon monoxide, or carbon dioxide. Earlier 
work {20) on the reactions of gaseous carbon compounds with heated 
magnesium has been reviewed and explained by Novak {19), who treated 
magnesium with various hydrocarbon gases at 400-800°. He obtained 
mixtures of two carbides, MgC 2 predominating in the lower temperature 
range and yielding acetylene on hydrolysis, and Mg 2 C 3 reaching a maximum 
of 74 per cent in the product from pentane and magnesium at 700° and 
yielding methylacetylene on hydrolysis. Above 800° little carbide of 
magnesium appears to be formed (75, 21), From their mode of formation 
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it is evident that the carbides of the alkali metals and of magnesium are of 
little possible value as primary sources of acetylene, although the carbide 
Mg 2 C 3 might serve as a source of methylacetylene. 

The carbides of the rare-earth metals, on the other hand, are quite stable 
at high temperatures and have been made by heating the metal oxides with 
carbon, usually in an electric tube furnace (22). Damiens (23) has reviewed 
the methods of preparation of these carbides and the earlier explanations 
of the origin of the mixed gaseous products derived from them. However, 
the rare-earth carbides are entirely unsuitable for the practical production 
of acetylene, because of the mixed g^es produced by their hydrolysis and 
because of the scarcity of these elements. 

Barium carbide was first prepared by Maquenne ( 24 ) on heating barium 
carbonate with magnesium powder and carbon, although he did not suc- 
ceed in making the carbides of strontium or calcium in this way. Moissan 
(25) prepared small quantities of barium and strontium carbides from 
the metal oxides and carbon in the electric tube furnace. Thompson 
(27) has studied the equilibrium of barium oxide and carbon with barium 
carbide and carbon monoxide at 1145° and 1295°, and the easy reduction 
of barium oxide as compared to the other alkaline-earths has been demon- 
strated by F. Fischer (28) at 850-1150°. A few patents on the production 
of barium carbide exist (29 j 30 y 31) y including a method of firing a mixture 
of coal with barium oxide in a suitable furnace. After hydrolyzing the 
barium carbide to produce acetylene, it was proposed to recover the 
barium hydrate and return it to the carbide 'furnace. 

Calcium carbide possesses so many advantages, both from the manu- 
facturing viewpoint and in the abundance and low equivalent weight of 
calcium, that it has become almost the sole commercial source of acetylene 
and is accorded a more extensive treatment in the following section. 
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3, The manufacture of calcium carbide.* Hare ( 1 ) and Deville and 
Debraye (^) at an early date probably obtained mixtures containing 
calcium carbide by heating lime with carbon. Wohler ( 3 ) prepared the 
carbide from carbon and a zinc-calcium alloy, and was the first to recognize 
the nature of the compound and to identify acetylene as the gaseous 
product of its hydrolysis. For almost thirty years after this synthesis no 
further important work on calcium carbide was reported. In 1893 Willson 
( 4 ) was granted a United States patent for the production of calcium 
carbide from lime and coke in the electric furnace according to the equation, 
CaO + 3C CaC 2 + CO. At about the same time Boehm (5), !^oissan 
( 6 ) and Bullier (7) made the carbide by somewhat similar methods. The 


♦ For reviews see Introduction (f , 3). 
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priority claims of Willson were sustained, and it is generally conceded that 
he initiated the commercial development of calcium carbide in America. 
The conflicting claims of these workers and the early history of the develop- 
ment have been discussed by Eimer {8) and in several publications on 
calcium carbide.* 

Calcium oxide and some form of carbon are the usual raw materials 
which enter into the synthesis of calcium carbide in the electric furnace. 
The calcium oxide is prepared by calcining limestone or hydrated lime, 
which sometimes is recovered from acetylene generators. Special treatises* 
on carbide manufacture have described numerous variations in the com- 
position and pretreatment of the furnace charge. As sources of carbon, 
besides coke or anthracite, a number of much less suitable carbonaceous 
materials, including charcoal, bituminous coal, lignite, bitumen, pitch, tar, 
peat and wood waste have been suggested. However in modern industrial 
practice coke is employed almost exclusively. Domenico {19) has shown 
that a coke of high electrical resistivity gives best results in modem 
furnaces. 

To a very limited extent other compounds of calcium have been employed 
in the manufacture of calcium carbide. When calcium phosphate is heated 
with sufficient carbon in the electric furnace, phosphorus is obtained by 
volatilization, while calcium carbide remains in the furnace as a by- 
product. This process has been investigated and developed by a number 
of workers (P). Similarly sulfur and calcium carbide have been obtained 
from calcium sulfate and carbon {10) ^ and calcium carbide and carbon 
disulfide from calcium sulfide and carbon {11). The quantity of calcium 
carbide originating as a by-product in these processes is of course small as 
compared to the total production. 

For the manufacture of calcium carbide as a source of high-grade acety- 
lene, coke and lime containing only minimum quantities of phosphorus, 
nitrogen, sulfur and arsenic are desired, since these lead to impurities in the 
gas (see Section 4). Silicon and iron as impurities influence the course of 
the reaction {12) and often yield ferrosilicon. Magnesium oxide has a 
deleterious effect in increasing the temperature of the furnace charge and 
the energy consumption {13). 

In the ordinary type of carbide furnace heat is generated by the passage 
of an electric current between electrodes of carbonaceous matter and 
directly through the highly resistant charge of raw materials. Furnaces in 
which the heat is supplied wholly or in part by an arc or by a separate 
resistance unit have been used occasionally. Descriptions of the earlier 


• See Introduction (i, i8). 
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forms of carbide furnaces may be found in special works on carbide manu- 
facture.* The larger modern furnaces have been described in a number of 
journal articles (14)^ and more recent minor improvements and modifica- 
tions are the subject of patents too numerous for inclusion in the present 
work. 

The energy consumption in the manufacture of calcium carbide varies 
with a number of factors, such as size and construction of the furnace and 
percentage of carbide in the final product; but yields of approximately 
one ton per 4000 kilowatt hours usually have been reported. Power 
consumption and yields have been discussed by several writers (16), 

The reaction in the electric furnace begins near the melting point of the 
eutectic between calcium oxide and calcium carbide and takes place chiefly 
between this molten material and the suspended solid particles of carbon. 
In the absence of impurities the eutectic is said to contain about 32 per 
cent of calcium oxide, but in the presence of ordinary impurities the eutec- 
tic holds about 30 per cent of calcium oxide and melts at about 1630°. 
Wlien the reaction has progressed to the point that calcium carbide forms 
over 70 per cent of the total fused material the melting point rises towards 
that of pure calcium carbide, about 2300^^. As a result, when the reaction, 
nears completion, increased temperature is needed to maintain the reactive 
fused condition. However, as the melting point approaches that of pure 
carbide (about 2300®), decomposition of the carbide to calcium and carbon 
begins, and the energy consumed in maintaining the higher temperature 
increases costs. For these reasons a product containing more than 90 per 
cent calcium carbide is seldom made commercially (16) and in some cases it 
is cheaper to make acetylene from 70- to 80-per cent carbide. It has been 
shown that the reaction, CaO + 3C CaC 2 + CO, is to some extent re- 
versible and is influenced by the partial pressure of carbon monoxide. These 
factors influencing reactions in the furnace have been discussed in several 
technical articles (17). 

Since in this process the volume of carbon monoxide produced approxi- 
mately equals that of the acetylene, the recovery and use of gases from the 
electric furnace are economically important and have received much 
study (18). 

It has been proposed (^0) to prepare calcium carbide and other alkaline 
earth carbides by heating the corresponding hydrides to 1750-2000° in 
the presence of carbon. Somewhat similar methods consist of heating an 
alkaline earth metal chloride (ZO) or carbonate (21) with hydrogen or am- 
monia in the presence of carbon. 


* See Introduction ( 1 , £). 
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4. The generation and purification of acetylene from carbides.* The 

acetylenic carbides described in the preceding sections were found by the 
earliest investigators to react rapidly with water, giving acetylene and the 
corresponding metallic hydroxides. The heat of hydrolysis (1) may 
produce localized temperatures high enough to polymerize a part of the 
acetylene, unless overheating is prevented by the use of excess water or by 
some other means. The hydrolysis of calcium carbide has of course been 
studied most thoroughly, and the heat of this reaction has been reported 
by Lewes (2) to be about 475 cal. per gram of pure carbide, and by Mason, 
Anderson, and Jane (5) as 166 Btu per cubic foot of acetylene generated. 
Lew63S claimed that when a minimum of water reacts with a mass of 
carbide a part of the acetylene may react with steam to give carbon mon- 
oxide and hydrogen; and in a few cases localized decomposition of acetylene 
to hydrogen and carbon has been reported. 

Besides moisture, air, finely divided solids, and condensation products 
resulting from overheating, the crude acetylene also may be contaminated 
with a small percentage of other gases arising from impurities in commercial 
carbide* (3). Nitrogen, sulfur, phosphorus, silicon and arsenic may be 
present in carbide in combination with calcium or other metals. On 
treatment with water the hydrides, ammonia, phosphine, silicomethane 
and arsine, may be evolved to some extent, while most of the hydrogen 
sulfide is held in the alkaline solution. Modern methods of carbide manu- 
facture minimize these impurities by careful control of the composition 
of the charging materials. Analysis of acetylene generated from a typical 
modern carbide is said to show the presence of .015-.025 per cent of phos- 
phine, less than .015 per cent of ammonia, less than .01 per cent of hydrogen 
sulfide, and less than .0003 per cent of arsine. At the high temperatures 
occurring when little water is present during the hydrolysis of calcium 
carbide, the simple hydrides above noted if present may be condensed with 
acetylene to give volatile organic derivatives which are difficult to remove. 
Kennedy and Holm (16) have identified divinyl sulfide as an important 
impurity, and state that more is present if the temperature of hydrolysis 
of the carbide is high. They have suggested removal of this impurity by 
scrubbing with Chloramine T or sulfuric acid. Hydrogen is sometimes 
present in very small quantities. Methods for the estimation of im- 
purities in crude acetylene have been reviewed by Brown (4) and others.f 

A high reaction temperature during the hydrolysis of carbides results 
in a decomposition and condensation of the acetylene which both con- 

* The generation of acetylene from carbide, and the impurities and purification 
of the gas have been extensively discussed in special treatises ; see Introduction 

t See Introduction (Jf, 2 ). 
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taminates the product and reduces the yield. Accordingly, it has been the 
commonest practice to prepare acetylene by the total immersion of calcium 
carbide in a comparatively large volume of water which acts as a cooling 
medium. Methods and devices for the hydrolysis of calcium carbide by 
this method have been studied extensively, but most of the technical 
literature* covers small automatic generators for local or domestic acetylene 
supply. 

Recently Mason, Anderson and Jane {6) have described a large-scale 
method of hydrolyzing calcium carbide using little more than an equivalent 
quantity of water, which is based to some extent on earlier methods {6). 
This procedure consists in spraying the crushed carbide either in a ball 
mill or in a rotating screen drum with a minimum of water, and con- 
tinuously separating the powdered calcium hydrate. By this method 
localized overheating is prevented and no temperature above 240°F was 
observed. A few other recent patents and articles (7) describe the hydroly- 
sis of calcium carbide with a minimum of water. The Prestolite Company 
controls United States patents (7a) on a process and apparatus by which 
water is brought into reaction with calcium carbide near the bottom of a 
cylindrical reaction chamber, provided with an agitator rotated about a 
vertical axis. The acetylene and powdered calcium hydroxide rise to the 
top of the cylinder, and in one modification the powdered hydroxide, which 
overflows the top of the cylinder fills an annular seal similar to a liquid seal. 
If the recovered dry hydrate could be converted to a briquet or lump form 
((9), it could be used profitably for calcium carbide manufacture. Since 
in some localities the accessible supply of limestone suitable for carbide 
manufacture is somewhat limited, recovery of the calcium hydroxide is of 
interest. 

Even when prepared in the best type of generator from a good grade of 
carbide, commercial acetylene usually contains traces of impurities. These 
are said not to be deleterious in the gas used for welding or cutting {11,12) 
but may act as poisons for the catalysts employed in the chemical utiliza- 
tion of acetylene. For some purposes it has been common practice to 
oxidize these impurities, particularly phosphine, by reagents which scarcely 
attack acetylene and to remove the acidic oxidized products by contact 
with alkalies or by precipitation. Solutions or porous masses containing 
calcium hypochlorite or potassium permanganate were at one time used or 
proposed, and masses containing chromic acid appear to have been exten- 
sively used in Europe. A purifying material, which was originally patented 
by Granjon {15) and which is at present used in the U. S., consists of a 
mixture of ferric chloride, ferric oxide, manganese dioride, mercuric 
chloride, and cupric sulfate. The mercuric chloride appears to bind the 

• See Introduction (1,2). 
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phosphine in a complex which is then oxidized by the ferric salts, and the 
cupric sulfate catalyzes the reoxidation of the ferrous salts by air and thus 
regenerates the purifying material. This method is said to remove 95 
per cent of the phosphine. At the present time nitre cake is said to be 
used also in the commercial purification of acetylene. Oxidation of phos- 
phine by sulfuric acid of about 85 per cent concentration at about 70° 
is reported to be an industrial method of purification. Methods of evalu- 
ating commercial preparations for the purification of acetylene and some 
comparative tests on such materials have been published (9, 13, 14)- 
An older proposed method of purification consisted in the complete precip- 
itation of these impurities by cuprous chloride or mercuric chloride with 
other chloride salts. However, these solutions are not perfectly inert 
toward acetylene, and a small percentage of volatile addition products 
usually was formed. The drying of acetylene by refrigeration, or by the use 
of aluminum oxide with proper precautions, or by countercurrent washing 
with saturated calcium chloride solution are said to be accepted industrial 
practices. 

There is reason to believe that a trace of oxygen is a very important 
impurity in acetylene to be used in certain syntheses, but this possibility 
has received little attention. A small quantity of oxygen is known to be 
very deleterious in the preparation of vinylacetylene, and probably has 
effects in the polymerization, halogenation and hydration of acetylene. 
The acetylene mixtures prepared by pyrolitic processes are probably more 
nearly free from oxygen than acetylene derived from carbide. Both 
commercially and in the laboratory, oxygen can best be removed from 
acetylene by washing with an aqueous alkaline solution of sodium hydro- 
sulfite containing a small percentage of anthraquinone /S-sulfonic acid (fO). 

Gaseous hydrocarbons, carbon monoxide and hydrogen are much more 
difficult to remove from acetylene; the total elimination of these impurities 
is not attempted commercially, since they are not particularly deterimental 
in the use of acetylene either as a fuel or for chemical synthesis. 
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6. The equilibrium of acetylene with carbon and hydrogen and its 
bearing on the direct S3mthesis, decomposition and storage of acetylene. 

Berthelot (1) prepared small quantities of acetylene by means of an arc 
between carbon electrodes in an atmosphere of hydrogen. Dewar (2) 
concluded that this reaction resulted solely from the high temperature 
attained. The equilibrium of carbon and hydrogen with acetylene has 
been investigated by a number of workers (3-7, 9-11). In the equilibrium 
mixtures produced, either from acetylene or from the elements, little acety- 
lene appears to exist between 1000® and 1700®, and above 1700® the con- 
centration increases with rising temperature up to a point at which the 
equilibrium changes because of the formation of atomic hydrogen. Frost 
(12) states that considerable yields can be obtained only in the region of 
3100® to 3200®. The continuous formation of acetylene in this high 
temperature range may be due in part to a tendency of complex carbon 
structures to break down under these conditions into C 2 groups rather than 
into any other simple units. The proportion of acetylene recoverable 
from the carbon arc in hydrogen has been reported as about seven to eight 
per cent. Since a higher concentration of acetylene can be made by the 
pyrolysis of hydrocarbons, the synthesis of acetylene from the elements 
has not usually been considered suitable for commercial application, al- 
though Brading (13) has patented an arc apparatus for this purpose. A 
somewhat related method consists in cracking hydrocarbons in the electric 
arc in the presence of finely divided carbon (22). 
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Of greater practical significance is the fact that acetylene, being an 
endothermic compound, can decompose to its elements with the evolution 
of heat. The decomposition at pressures not mu."h above one atmosphere 
will first be considered. Berthelot {I 4 ) noted that at atmospheric pressure 
and a dull red heat in vessels of inert material, polymerization was the 
principal reaction of acetylene (see Chapter V, Section 2), while at some- 
what higher temperatures the polymerization was associated with decom- 
position to carbon and hydrogen. He considered that this decomposition 
took place through a mechanism involving the formation and total de- 
hydrogenation of polymers. Haber {15) observed that heat was evolved 
during these reactions. It was later found that the decomposition of 
acetylene was practically complete in the range 1150°-1325° (7, 16), and 
that noticeable decomposition began in porcelain tubes at about 480° and 
became the chief reaction at 800° (^). 

Several metals have been found to increase the rates of polymerization or 
decomposition and to influence somewhat the nature of the products. 
Some of these metals, when finely divided, have also been reported to 
initiate the reactions at comparatively low temperatures. Thus Moissan 
and Moureau {17) found that pyrophoric iron, nickel and cobalt, and finely 
divided platinum became incandescent when placed in a rapid stream of 
acetylene at room temperature, and noted the formation of hydrogen, 
carbon and oily products. Since these reactions are promoted by increased 
heat and pressure, it appears probable that the catalytic effect of metals is 
at least partly due to the localized heat of adsorption of the acetylene and 
also to the high concentration of acetylene in the adsorbed layer. Berthelot 
{8) first discovered the catalytic decomposition of acetylene by iron. A 
similar effect of iron, nickel and cobalt has been observed by several workers 
at temperatures between 200° and 400° {18~2S). Extensive decomposition 
of acetylene in contact with iron has been noted at higher temperatures 
{24-28), and a few iron compounds have been found to produce a similar 
effect {29, 30). Finely divided platinum {18, 31) and palladium (32) 
have been reported to induce the decomposition of acetylene at moderate 
temperatures. Copper and to a lesser extent a few other metals cause the 
condensation of acetylene to cuprene at about 250° (see Chapter V, Section 
3), but the catalytic decomposition of acetylene over copper at somewhat 
higher temperatures has been observed also {21, 25, 27, 33, 34)- Man- 
ganese {21) was found to promote acetylene decomposition above 480°. 
Most of these reactions were accompanied by hydrogenation and the 
appearance of traces of oily condensation products of acetylene. In many 
cases particles of the metals became distributed throughout the carbon 
deposits, so that coating of the metal with carbon did not completely stop 
the catalytic effect. Metals other than those mentioned above appear to 
have little effect on the rate of decomposition of acetylene {8). The effect 
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of the various forms of carbon on acetylene decomposition is naturally 
difficult to determine, and has been the subject of seemingly conflicting 
reports. Schlapfer and Brunner {35) considered that carbon accelerates 
the decomposition of acetylene. The catalytic effect of various substances 
on acetylene decomposition has been reviewed by Egloff, Lowry and 
Schaad {36). 

As a result of these studies it is obvious that only substances which do not 
catalyze the decomposition of acetylene should be used in apparatus for the 
pyrolytic processes of manufacturing acetylene, to be discussed in Section 7. 
To prevent catalytic deposition of carbon in apparatus of this type, several 
materials of construction or special coatings have been patented, including 
an alloy of iron and chromium (57), a coating of tungsten, molybdenum, 
osmium or tantalum, or their alloys or carbides {38), a coating of molybde- 
num, tantalum or chromium {39,40), and a process for treating the surface 
of apparatus at high temperatures with boron, silicon, phosphorus, arsenic, 
antimony, bismuth or selenium, or their compounds {40). 

At pressures somewhat above one atmosphere a decomposition which is 
initiated in any part of a mass of acetylene may spread through the whole 
body of the gas with explosive violence. Propagation of the explosion 
may be prevented if the heat of localized decomposition is rapidly dis- 
sipated, as for example by the cooling effect of a narrow tube or of packing 
material. Berthelot and Vielle {41) showed that at above two atmos- 
pheres’ pressure explosions of acetylene were initiated by a spark, an 
incandescent wire, or a detonator. At pressures below two atmospheres 
it was more difficult to cause explosions. These findings were confirmed 
and extended by numerous other investigators {35, 4^-40). The dilution 
of acetylene by inert gases was found to hinder explosive decomposition. 
The explosiveness of liquefied acetylene {4h 4Ty 4^) and of solid acetylene 
{50) has been demonstrated by a number of workers. Experiments on 
acetylene explosions have been summarized in several reviews {36, 51-53). 
These properties make pure acetylene at high pressures an exceedingly 
dangerous material; accordingly, it cannot be stored by simple liquefaction 
or compression in cylinders, as is the practice with most other gases, but 
must be dissolved in a solvent under suitable conditions (see Section 9). 
However it has been claimed in a patent that solid acetylene is 'safe for 
transportation and storage {54). 
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6. The preparation df acetylene by desaturation processes employing 
chemical reagents. Acetylene has been prepared by several reactions 
which result in splitting ofT pairs of atoms or groiix)S from more completely 
saturated carbon compounds. The term ^^desaturation reactions'’ is 
applied as a general designation for processes of this kind. For the prepara- 
tion of acetylene the removal of one or more pairs of halogen atoms by 
metals or of one or two molecules of hydrogen halide by alkalies has been 
employed most frequently. As applied to the production of acetylene, 
reactions of these types have chiefly a historical interest, some of them 
having served as an early source of the pure gas. The type reactions may 
be represented by the following equations in which X represents a halogen 
and M a metal. 

2HCX8 -h 6M C 2 H 2 + 6MX 
HX 2 C— CX 2 H 4- 4M — C 2 H 2 + 4MX 
HXC=CXH + 2M C 2 H 2 + 2MX 
HjC— CHX 2 -f 2MOH C 2 H 2 + 2MX + 2 H 2 O 

XH 2 C— CH 2 X + 2MOH C 2 H 2 + 2MX -f 2 H 2 O 

H 2 C=CHX -h MOH C 2 H 2 -f MX -f H 2 O 

Acetylene has been prepared from several organic halogen compounds 
by the dehalogenating action of sodium, zinc and a few other metals. In 
this way acetylene was made from chloroform (7), iodoform (£), bromoform 
(S), tetrabromoethane (4, 77), the diiodoethylenes (5) and the symmetrical 
dibromoethylenes (Sa). This method has served for the preparation of 
acetylene homologs in a few cases, but its use for this purpose is limited 
by the lack of easy means of obtaining suitable halogen compounds. 

The action of alkalies in splitting out hydrogen halides from vinyl halides 
or from dihaloethanes was utilized for the production of acetylene from 
vinyl chloride, vinyl bromide (G, 12), symmetrical dibromoethane (7), 
ethylidene dibromide {12) and symmetrical dichloroethane {8), Hot 
alcoholic solutions of caustic alkalies have customarily been employed in 
these reactions because of their solvent power for organic halides. The 
authors (unpublished) have also found that ethylene dichloride and vinyl 
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chloride are readily converted to acetylene by a solution of sodamide or of 
sodium in liquid ammonia. 

Acetylene mixed with haloacetylenes usually results from the action of 
alkalies on more highly halogenated derivatives of ethylene or ethane. In 
these cases the removal of hydrogen halide is either accompanied or 
followed by replacement of the remaining halogen by hydrogen. Thus 
acetylene has been obtained from tribromoethane (P), dibromoethylene 
{10), tetrabromoethane {11), dichloroethylene {12), dibromoethylene {IS) 
and diiodoethylene {H). The haloacetylenes are also known to be con- 
verted to acetylenes by caustic alkalies (see Chapter III, Section 1). A 
similar replacement of halogen by hydrogen may sometimes occur during 
the removal of halogen atoms by metals. Thus some acetylene has been 
obtained from the reaction of tribromoethylene {15) and tetrabromo- 
ethylene {16) with zinc dust in alcohol. These procedures are somewhat 
dangerous because the chloro- or bromoacetylenes, when present in the 
gaseous product, are explosive and spontaneously inflammable in air. 

Processes of dehydrohalogenation provide the most general method 
for the preparation of other acetylenic compounds. However, many of 
these procedures require prolonged heating of the halogen compounds with 
alkalies, and this sometimes results in dehydrohalogenation in an unex- 
pected direction or in rearrangement of the acetylenic product (see Chapter 
III, Section 2). For this reason, when pure acetylenic compounds are 
desired, it is often advisable to employ the alternative synthetic methods of 
substitution in acetylene described in Chapter III. 
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7. The production of acetylene by the p 3 nrolysis of organic compounds* 

Berthelot {1) isolated acetylene by regenerating it from cuprous acetylide, 
which had been observed previously 3) as sl precipitate formed by the 
action of pyrolytic hydrocarbon gases on an ammoniacal cuprous salt solu- 
tion. Following this discovery, a variety of organic compounds were 
found to yield acetylene when pyrolyzed in a hot tube or exposed to in- 
duction sparks Although in a few cases (4, 7) the gaseous product 

was fairly rich in acetylene, the yield on the basis of organic material 
broken down was usually very low. The other products were liquids, 
hydrogen, amorphous carbon, lower olefins and paraffins. 

After the successful commercial production of acetylene from calcium 
carbide beginning about 1894, interest in the pyrolytic preparation of 
acetylene declined for a time, only to be revived much later by the increas- 
ing supply of very cheap organic raw materials such as natural gas, mix- 
tures of gaseous paraffins and olefins from cracking processes, crude 
petroleum and its various fractions, and heavy tars and asphalts. Me- 
thane, which is the principal constituent of natural gas, cannot be trans- 
ported profitably from many producing regions, and use as a fuel or as a 
source of carbon black is limited. Accordingly, processes for converting 
it to otb^' hydrocarbons have been much sought. However, the high 
temperature required for the rapid pyrolysis of methane obviates good 
yields of olefins or higher paraffins, and although aromatic hydrocarbons 
may be formed at about 1200®, the conversion of methane to acetylene 
and hydrogen promises to become one of the most important methods for 
its utilization. For these reasons the high-temperature cracking of 
methane has received more attention than any other proposed process for 
the pyrolytic manufacture of acetylene. In parts of Europe where natural 
gas is not abundant, a study also has been made of the pyrolysis of coke-oven 
gas, or of water gas or methane mixtures derived from carbon monoxide 
and by-product hydrogen. The cracking of low-value petroleum residues, 
asphalts and tars as potential sources of acetylene has aroused some 
interest. Since the other gaseous paraffins, the gaseous olefins, and the 
low-boiling distillates are valuable for other purposes, they have been given 
less attention as raw materials. 

The failure of the earlier investigators to obtain high yields of acetylene 
and prevent carbon deposition in the pyrolysis of gaseous hydrocarbons 
may be ascribed to the unduly prolonged heating periods employed. More 
recent work has shown that there is a very short optimum heating interval 
for maximum acetylene production, which varies in length with the tem- 
perature, pressure and the composition of the gas to be treated. A tem- 
perature in the range 1400-1500® often has been employed. The advantage 
of a short heating period is apparently that the decomposition and poly- 
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merization of acetylene, when diluted with other gases, is slower than the 
repctions which lead to its formation. Accordingly, by carefully limiting 
the duration of heating, good yields of acetylene may be obtained; more 
prolonged heating produces the usual equilibrium mixture, containing 
much less acetylene and increased proportions of carbon and hydrogen 
and small percentages of methane and other hydrocarbons. A short 
heating period implies a quick and effective method of cooling the off-gases, 
and this is usually accomplished by an extremely rapid flow of gas through 
the pyrolyzing chamber and into the cooling mechanism. 

The pyrolysis of methane or mixtures, such as natural gas or coke-oven 
gas, has been the subject of numerous investigations during the past decade 
{11-48). A variety of heat sources have been used for this purpose, in- 
cluding externally heated tubes, electric resistance heating elements, and 
spark or arc electric discharges. Of these methods cracking by means of 
an electric arc at rather low pressure appears to be most effective. In 
general at a temperature of 800-1100® benzene and other aromatic hydro- 
carbons are formed in considerable quantities from methane { 11 - 14 ) unless 
the heating period is very short. A group of German chemists studied 
the pyrolysis of methane by a flow method at low pressures and at various 
temperatures above 900® and with heating intervals of 0.0001 second 

{15-22). By plotting the yield of acetylene against the time of heating at 
a constant pressure and a number of different temperatures, it was shown 
that the optimum heating period decreased with rising temperature. 
Diminished pressure was found to favor acetylene formation; under the 
best conditions the yields were high on the basis of the methane reacting, 
and few by-products were obtained. A number of other investigators 
have observed the advantages of low pressure on the production of acety- 
lene from methane {23-28). Studies of the pyrolysis of methane by sev- 
eral chemists also have shown {28, 29, 36) similar effects of pressure, tem- 
perature and heating time. 

A number of diluents have been shown to increase the yields of acetylene 
based on the quantity of methane p rolyzed, although the concentration 
of acetylene in the gaseous pr !uct may be lowered by the dilution {18, 
26, 28, 29-40). Another puri :e of dilution is to decrease or prevent the 
deposition of carbon in the api iratus. Although hydrogen may constitute 
75 per cent or more by volume of the gases formed in the pyrolysis of 
methane a number of investigators have observed that addition of hydro- 
gen to the methane before pyrolysis increases the yield of acetylene {18, 
26, 28, 29-35). It has been claimed {36, 37) that addition of hydrogen 
chloride or equivalents of hydrogen and chlorine to methane increases the 
yield of acetylene. The use of carbon dioxide or steam as diluents also 
has been found to give favorable results (38-40). Carbon dioxide, steam 
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and hydrogen chloride have the great advantage of being easily removed 
by washing. 

The catalytic effect of the wall materials in the reaction chamber and of 
several solid packing materials on the pyrolysis of methane has been the 
subject of a few investigations {11, 12, 33, In general the yield 

of acetylene was sometimes decreased and never markedly raised by contact 
with the solids. 

Concerning the reactions occurring during the pyrolysis of methane, 
somewhat divergent views have been expressed {14, 4h 42, 4^-48) • Fischer 
{14) considered that the radicals — CH3, ===CH2 and sCIi were formed 
as intermediates, and Peters and Wagner {21, 45) interpreted the spectrum 
analysis of the arc pyrolysis of methane as indicating the presence of these 
radicals. A mechanism based on thermodynamic considerations has been 
proposed by Kassel {46) in which methene, t'H2, formed by direct dehydro- 
genation of methane, combines with a second molecule of methane to give 
ethane. The ethane is then dehydrogenated to ethylene and the ethylene 
to acetylene. This mechanism has been in part confirmed by Storch {47), 
who was able to isolate large proportions of ethylene and ethane when 
methane was heated at low pressures by a carbon filament in a quartz 
bulb immersed in liquid nitrogen. Later Ihdchetz {48) claimed to have 
detected methene as the primary product of the decomposition of methane. 

The similar preparation of acetylene from other lower paraffins or olefins 
has received less study {6, 29, 46-57). Fischer and Pichler {54) have 
investigated the effects of pressure, temperature, heating time and dilu- 
tion in the pyrolysis of ethylene and ethane, and in general their results 
were similar to those observed with methane. 

A number of writers {15, 18, 20, 29, SO, 32, 34, 55, 58-66) have reviewed 
the production of acetylene from methane and other organic materials 
and have compared the cost and the power consumption in arc pyrolysis 
with those of the calcium-carbide industry. For example Peters {20) 
states that if the reaction, 2CH4 — ^ C2H2 + 3H2 — 91 cal., could be 
realized, the cost of acetylene should be only about 36 per cent of the cost 
of acetylene from carbide. Although a close approach to this efficiency 
is not likely to be attained, it appears that acetylene as a mixture with 
other gases probably can be produced much more cheaply by pyrolytic 
methods than from calcium carbide. However, the cost of separating or 
concentrating the acetylene from the gas mixtures largely offsets this 
decreased cost of production (see Section 9). 

The patent literature on the pyrolytic manufacture of acetylene has 
grown enormously in the past few years. A large number of patents have 
been issued for the arc treatment of gaseous, vaporized or sprayed liquid 



PHYSICAL PROPERTIES, PREPARATION, PURIFICATION 23 


hydrocarbons and other carbonaceous materials, which specify modified 
types of the arc apparatus, special characteristics of the arc, or which 
limit the rate of passage, partial pressure, dilution or intake temperature of 
the hydrocarbons used (67-80). 

The pyrolysis of similar materials by contact with the heating elements 
of electric resistance or induction furnaces has also been the subject of a 
few reviews and patents (81-84)- 

The preparation of acetylene by the passage of an arc through liquid 
hydrocarbons is a promising method and has the advantage of quickly 
cooling the gaseous product by contact with the liquid. Since the hot 
gases do not come into contact with the walls of the reaction chamber, 
catalytic decomposition of acetylene at the walls and the breakdown of 
the wall materials present no problems. The carbon formed may be 
filtered from the licjuid and is accordingly less troublesome than accumula- 
tions of carbon during the pyrolysis of hydrocarbon gases. The gas mix- 
tures produced by this method usually contain a considerable proportion 
of lower olefins along with acetylene and hydrogen. Special apparatus 
and procedures for the manufacture of acetylene by means of a submerged 
arc have been claimed in a number of patents (85-88) and have been the 
subject of a few review articles (89, 89a, 90). The use of electrical resist- 
ance heating units immersed in liquid hydrocarbons also has been patented 
(91). 

The lack of cheap electric power near some important sources of natural 
gas and petroleum has drawn attention to other possible methods of heating 
(92-98). As stated by Storch (40, 55), temperatures of 1500-1600°, 
suitable even for the pyrolysis of methane, may be obtained by the combus- 
tion of preheated natural gas with preheated compressed air. The heat 
may be applied either to the outside of refractory tubes (92, 92a) or, more 
efficiently, to a checker-work heat exchanger in which combustion and 
pyrolysis take place alternately (96-98). Procedures of the latter type 
have been patented. This method is related to the preparation of acetylene 
by the incomplete combustion of hydrocarbons described in the following 
section. 

Processes of these types are of special interest in America where cheap 
hydrocarbon gases are available; but European investigators have given 
more attention to electrical methods of pyrolysis in order to conserve their 
scanty resources of gaseous hydrocarbons. 

A variation of the pyrolytic preparation of acetylene has been proposed 
(99), which consists in passing hydrocarbon gases at high temperature over 
an alkali or alkaline-earth oxide to form an acetylenic carbide, from which 
the acetylene is regenerated in the usual way. 
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(99) Wulff, U. S. P. 1,990,185 (1935); C. A., 29, 3353 (1935). 

8. The production of acetylene by the incomplete combustion of organic 
compoimds and related methods. Berthelot (7 ) first showed that acetylene 
resulted from the incomplete combustion of organic compounds, and pro- 
cedures of this type for the laboratory preparation of acetylene were 
devised (S~S). Hofmann and Will (5) made an early investigation of the 
formation of acetylene by the incomplete combustion of several organic 
compounds. Since this method avoids both the high cost of electric dis- 
charge heating and many of the heat-exchange difficulties of other pyrolytic 
methods, attempts have recently been made to apply it on a manufacturing 
scale. However, the optimum temperature for the formation of acetylene 
is not readily reached in this way, and the product usually contains a lower 
concentration of acetylene than that from other pyrolytic processes. 
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Fischer and Pichler (6) have reported the preparation of acetylene from 
mixtures of coal gas or methane with air or oxygen at various pressures 
when passed through heated porcelain tubes at different rates of flow. 
Apparatus and methods for the manufacture of acetylene by incomplete 
combustion of gaseous hydrocarbons have been the subject of numerous 
patents (7-17), Patents of the I. G. Farbenindustrie (7) claim an im- 
proved yield of acetylene by the incomplete combustion of gaseous hydro- 
carbons in the presence of elemental silicon, and the Soc. d^fitudes et 
d ’Exploitations des Mati^res Organiques {10) has employed a number of 
metals and their compounds as catalysts. Methods and apparatus for the 
preparation of acetylene by the incomplete combustion of liquid hydro- 
carbons by a submerged flame also have been patented {18, 19). This 
method is said to be promising because clogging of the apparatus with 
carbon can be avoided and because the off gases are quickly cooled by the 
surrounding liquid. 

AVheeler, Binnie and Imperial Chemical Industries {20) and Rudder 
and Bierdermann {21 ) have patented methods consisting in the addition of 
hydrogen and chlorine to a gaseous hydrocarbon so that the heat of the 
resulting reaction decomposes the hydrocarbon. The advantages of dilu- 
tion are thus secured and the hydrogen chloride may be removed by 
washing more readily than other diluents. 
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9. The solubility of acetylene in liquids and its adsorption on solids, 
as applied to storage of the gas and separation from gas mixtures. Acety- 
lene is characterized by a high solubility in certain selective solvents as 
compared to the lower solubility of gaseous olefins and paraffins in the 
same media. This property finds application in the storage of dissolved 
acetylene in cylinders and in the solvent separation of acetylene from gas 
mixtures. The abnormal solubility of acetylene appears to be the result 
of an attraction or association between either a labile hydrogen atom or 
to a lesser extent an unsaturated carbon atom of acetylene and an electro- 
negative atom in the solvent such as oxygen, nitrogen or halogen, which 
has an unshared electron pair in its outer shell. Copely and Holley (1) 
have postulated hydrogen bonding between the hydrogen of acetylene 
and oxygen or nitrogen atoms in several solvents. Other chemists, how- 
ever, regard this affinity of an acidic hydrogen for an electronegative atom 
as a simple electrostatic attraction. Similar associations involving the 
hydrogen atoms of hydroxyl and amino groups are well known. How- 
ever, certain acetylenic compounds which do not contain a labile hydrogen 
atom also appear to have a rather high solubility in certain solvents con- 
taining oxygen or nitrogen, and this behavior may perhaps be due to the 
presence of unsaturated carbon atoms. In this connection it is significant 
that the presence of unsaturated carbon atoms in keto and nitrile groups 
also appears to produce molecular association of compounds containing 
these groups. 

The solubility of acetylene in selective solvents is greatly increased by a 
high pressure of the gas above the solvent. This condition may be repre- 
sented by an equilibrium which is forced to the right by an increased 
partial pressure of acetylene: 

C 8 H 2 , g£is CaHj, solution C 2 H 2 , associated with solvent 

According to these concepts, several features of the composition and 
structure of the molecules of a liquid may influence the effectiveness of the 
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liquid as an acetylene solvent. If solubility is the result of the presence of 
an uncoordinated electronegative atom in the solvent molecule, then sol- 
vents containing oxygen or nitrogen and no acidic hydrogen should be more 
effective than similar solvents containing acidic hydrogen and cones- 
quently having association between solvent molecules. It is significant 
that water, alcohols (I), phenols, carboxylic acids (f), amides and aryl 
amines are not particularly good solvents for acetylene. On replacing the 
labile hydrogen in any of these substances by a small alkyl group their 
solvent power for acetylene appears to be markedly increased. 

In general, atoms having the greatest electronegativity would be ex- 
pected to have the greatest effect in increasing acetylene solubility. How- 
ever, a steric factor also may be important in establishing the equilibrium 

C2H2 -f solvent association complex 

The speed of dissociation of this complex may depend chiefly on the strength 
of the attraction or bonding between the acetylene molecule and the electro- 
negative atom of the solvent, while the speed of association may depend in 
large part upon the accessibility of the electronegative atom, and be in 
inverse proportion to the steric hindrance of the remainder of the solvent 
molecule. The attractive force between acetylene and a solvent is prob- 
ably weak at best; and according to this concept the maintenance of a high 
concentration of such a weakly associated complex depends chiefly on a 
very high rate of association, made possible by a very accessible electro- 
negative atom in the solvent. This may be the reason why oxygen in car- 
bonyl groups and nitrogen in nitrile groups appear to be more effective in 
promoting the solubility of acetylene than oxygen in ethers or nitrogen in 
tertiary amines. Similarly, primary alkyl chlorides having an exposed 
chlorine atom seem to act to some extent as selective solvents for acetylene. 

The weak association complexes formed by acetylene with solvents are 
naturally much more stable at lower temperatures, and the solubility of 
acetylene in these selective solvents usually increases rapidly with dimin- 
ishing temperature. 

Table 1 gives the reported solubility of acetylene in a number of liquids. 

In order to show the effect of electron donor atoms in the solvent Copley 
and Holley (1) have computed the mol fraction solubility of acetylene in a 
number of solvents under one atmosphere partial pressure of acetylene, 
as compared with the theoretical mol fractions calculated from Raoult^s law. 
Their results are given in Table 2. 

The earliest application of the solubility of acetylene consisted in the 
development of the practice of storing acetylene in solution. Claude and 
Hess ( 4 ) found that the danger of explosion was obviated by storing 
acetylene as a solution in acetone under pressure, and noted the enormous 
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Table 1. Solubility of Acetylene. 


Solvent 

Temp. 

(“C.) 

Total 

press. 

CcCsH, 
per cc 
solvent 

Grams 
CaHs per 

100 g 

solvent 

Ratio of 
cone.® 
of CaHi 
in gas 
to CaHj 
in liq. 

Ref. 

Acetone*^ 

-80 

1 atm* 

2000 



2 


0 




38.6 

3 


5 




34.4 

3 


10 




30.68 

3 


16 




27.33 

3 


20 




22.0 

3 


30 




19.8 

3 


35 




17.88 

3 


40 




16.19 

3 


15 

1 atm 

25 



4 

it 

18 

1 atm 

18.1 



5 

it 

25 

1 atm 

13.1 



5 

n 

15 

12 atm 

300 



4 

Methyl propyl ketone 

-10 

1 atm 

14.8 



6 

Acetoacetone 

-10 

1 atm 

10.2 



6 

Acetaldehyde® 

-10 

745 mm 

59.9* 



6 

Acrolein*^ 

-10 

1 atm 

22.6 



6 

Propionaldehyde 

-10 

1 atm 

24.2 



6 

Methylal® 

-10 

735 mm 

54.3* 



6 

Acetal 

-10 

742 mm 

28.8* 



6 

Methyl formate* 

-10 

740 mm 

48,4* 



6 

Ethyl formate 

-10 

738 mm 

42.2* 



6 

Methyl acetate 

-10 

736.5 

52.3* 



6 

(( ti 

0 


i 


38.04 

3 

H (( 

10 




30.13 

3 

t( tt 

25 




21.25 

3 

Ethyl acetate 

-10 

742 mm 

44.5* 



6 

Isoamyl formate 

-10 

739 mm 

17.5* 



6 

Isoamyl acetate 

-10 

738.5 

29.3* 



6 

Dimethyl formamide 

it n 

20 

1 atm 

33-37 



5 

25 

1 atm 

28-32 



5 

Diethyl formamide 

20 

1 atm 

20.6 



5 

Dimethyl acetamide 

20 

1 atm 

27.8 



5 

Tetramethyl urea 

20 

1 atm 

1 29.2 



5 

Dimethyl acetonyl amine 

23 

1 atm 

I 14.3 



5 

Trimethyl carbamate 

23 

1 atm 

18.5 



5 

Trimethyl glycine 

23 

1 atm 

15.5 

! 

1 

5 

N , N , N ' , N '-tetramethyl 





1 


amino amino acetamide 

23 

1 atm 

16.4 



5 

Dimethyl oxamethane 

24 

1 atm 

14 



5 

Ethanol*^ 

18 

1 atm 

6 



7 

Cyclohexanol 

26 




0.963 

8 

Amyl alcohol 

18 

1 atm 

3.5 



7 

Acetic acid 

18 

1 atm 

6 


[ 

7 

Paraffin oil<^ 

0 

755 mm 

1.03 



9 

Chloroform 

18 

1 atm 

4 



7 

Carbon bisulfide 

18 

1 atm 

1 



7 

Carbon tetrachloride 

0 


0.26 



\ 
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Solvent 

Temp. 

(“C.) 

Total 

press. 

CcCiHs 
per cc 
solvent 

Grams 
C*Hs per 

100 g 

solvent 

Ratio of 
cone.® 
of CiHi 
in gas 
to CtHs 
in liq. 

Ref. 

Aniline 

4.2 

1 atm 


0.8 


11 

Benzene 

4 

755 mm 


0.744 


11 

Dimethylaniline 

0.3 

751 mm 


0.737 


11 

Nitrobenzene 

3.8 

735 mm 


0.553 


11 

Ethyl mustard oil 

-10 

1 atm 

3.2 



6 

Ethylidene cyanhydrin 

-10 

1 atm 

2.8 



6 

Water/ 

19.5 

755 mm 

0.97 



9 

it 

12 

755 mm 

1.06 



9 


® These values are little influenced by pressure. 

^ See (14, 15, 17, 17a) for additional data. See also (13) for acetone-water mixture. 
® Acetaldehyde in mixtures (5). 

^ Acrolein formed a solid complex with acetylene. 

* Average values are given. 

/See (0, IS, 16). 

See also (1£). 

* Gas volume reduced to standard conditions. 


Table 2. Solubility of Acetylene in Donor Solvents. 


Solvent 

Temp. CC.) 

Mol fraction 

Observed 

Calculated 

Diethyl acetal 

-10 

0.200 

0.04 

Methylal 

-10 

0.192 

0.04 

Acetaldehyde 

-10 

0.177 

0.04 

Ethyl acetate 

-10 

0.168 

0.04 

Ethyl formate 

-10 

0.144 

0.04 

Methyl acetate 

-10 

0.163 

0.04 

Methyl formate 

-10 

0.142 

0.04 

Isoamyl acetate 

-10 

0.166 1 

0.04 

Isoamyl formate 

-10 

0.095 

0.04 

Acetic acid 

18 

0.0150 

0.0245 

Ethyl alcohol 

18 

0.0151 

0.0245 

Benzene 

4 

0.0252 

0.0342 

Aniline 

4.2 

0.0223 

0.034 

Dimethyl aniline 

0.3 

0.037 

0.0382 

Nitrobenzene 

3.8 

0.0223 

0.0345 

Cyclohexane 

3 

0.0175 

0.0352 

Acetone 

0.0 

0.092 

0.038 

Acetone 

15 

0.074 

0.026 

Acetone 

15 

0.490 

0.312® 

Acetone 

25 

0.0402 

0.0206 


Pressure of acetylene was 12 atmospheres. 


increase in the solubility of acetylene in acetone produced by high pressures 
of acetylene 4j Janet (19) observed that the margin of safety 

is greatly increased by allowing the acetone to impregnate a porous ma- 
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terial, and a number of such materials have been patented for this purpose. 
Cylinders filled with a porous solid saturated with a solvent liquid are al- 
most universally used at the present time for the transportation and storage 
of acetylene {17), Sauerbrei {27) has reviewed the subject of solid fillers 
for acetylene cylinders. Acetone is almost always employed but the simi- 
lar use of several other solvents {6) has been proposed. However, for this 
purpose a solvent either must be cheap or must have low volatility to 
reduce losses as the gas is withdrawn. If the acetylene is to be used as a 
fuel for cutting or welding, the solvent must be such as to have no adverse 
effects on the properties of the flame. 

As was stated in the preceding sections, the gases produced by the 
pyrolysis of organic compounds at high temperatures contain acetylene 
mixed with much hydrogen, some methane, and lesser quantities of other 
saturated, olefinic and aromatic hydrocarbons. Traces of more highly un- 
saturated substances such as butadiene, allene, methylacetylene and 
diacetylene, or their homologs, also may be present. Carbon monoxide 
is an important component of the mixed gases when the pyrolysis is carried 
on in the presence of steam, carbon dioxide or oxygen as in the incomplete 
combustion methods. When nitrogen is present, ammonia and a trace of 
hydrogen cyanide may also be formed. Often the concentration of acety- 
lene in the mixtures is less than 20 per cent by volume. Since this diluted 
gas cannot be stored in cylinders with solvent acetone in the usual way, 
and since it is unsatisfactory for some fuel and chemical uses, a number 
of attempts have been made either to remove the most objectionable im- 
purities, to concentrate the acetylene, or to separate it from mixtures of 
this type. The separation and purification of acetylene from pyrolytic 
gas mixtures is the most expensive step in this mode of preparation. The 
most promising methods of separation involve the use of selective solvents. 
These have sometimes been applied in combination with other procedures 
such as selective adsorption on solids, removal of impurities by chemical 
reagents, and partial condensation at low temperatures and high pressures. 

As a preliminary step in the solvent separation of acetylene, some of the 
more reactive impurities and those having the highest boiling points usually 
are removed. The acidic components of the gas mixture, such as hydrogen 
cyanide, hydrogen sulfide and carbon dioxide, may be eliminated by wash- 
ing with aqueous alkalies. The*removal of hydrogen sulfide by oxidation 
also is possible. The small proportion of products having more than two 
carbon atoms in the molecule may be extracted by fractional condensation 
{20) or by washing at temperatures near their boiling points with solvents 
of low volatility such as nitrobenzene, gas oil {21 , 22) or halogenated hydro- 
carbons {21). The dienes and higher acetylenic hydrocarbons are even 
more soluble in acetone than is acetylene and may be stripped out by 
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acetone at temperatures above that suitable for dissolving acetylene (23), 
These highly reactive unsaturated hydrocarbons also may be removed by 
polymerization by sulfuric or phosphoric acid (24), or on contact with 
silica gel (24, 26) or aluminum chloride (24)- 

After these preliminary steps the gas mixture is treated with selective 
solvents which extract the acetylene from the residual gas, consisting 
chiefly of hydrogen, methane, ethylene and ethane. Separations by selec- 
tive solution of the acetylene have been described, employing acetone at 
low temperatures (26), acetaldehyde (6), acetonitrile at —10° (28, 29), 
water under pressure (30), liquid sulfur dioxide, carbon dioxide, ammonia, 
methyl chloride or ethyl chloride (31), glycol diacetate (32) and various 
other ethers and esters of glycol and glycerol, ethyl lactate (33), poly 
glycols and their esters and ethers (34), ''Cellosolves'' (35), lactones (36), 
diethyl oxalate (37), diethyl carbonate (38), cyclohexanone (39), ketones 
having more than three carbon atoms (40), several completely alkylated 
amides of carboxylic acids (5) and a variety of other organic solvents (41 ) . 

The boiling points of the principal gaseous components of these mixtures 
are so low that the methods of total fractional condensation and distillation 
have not been applied commercially to their separation. However the 
condensation of all components except methane and hydrogen, followed by 
fractionation of the liquefied portion, is said to be feasible on an industrial 
scale (42), but involves the hazards of handling liquid acetylene. Methods 
consisting of combinations of solvent extraction with partial condensation 
and fractionation also have been patented (43~45), 

Another type of process for the separation of these gas mixtures is the 
selective adsorption of the gases on porous solids. Acetylene and the 
highly unsaturated components appear to be more firmly held on most 
adsorbent solids than the simple olefins, and these in turn are more firmly 
held than the lower paraffins or hydrogen. Silica gel, kieselguhr (46) and 
charcoal (47-49) have been patented as adsorbents for the separation of 
acetylene. In practice, some provision must be made for dissipating the 
heat of adsorption of acetylene in processes of this kind and this presents 
a difficult problem. It is claimed that the acetylene may be recovered 
from the solid by lowering the pressure and increasing the temperature or 
by treating with steam. These adsorption methods may be used in com- 
bination with solvent extraction. 

It should be noted that the hydrogen and most of the other hydro- 
carbon gases in the mixtures are recovered in these processes, and the 
value of these by-products must be considered in evaluating the separation 
methods. 

As an alternative procedure, it has been proposed to use gas mixtures 
containing acetylene for the direct s3nQthesis of acetaldehyde (60-62) and 
in other chemical processes. 
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10. The laboratory purification and analysis of acetylene. For labora- 
tory use acetylene usually is either generated from calcium carbide or 
drawn from a commercial storage cylinder. If carbide is employed it is 
preferable to use a carbide to water type generator, observing precautions 
against localized overheating. It is also advisable to use a precipitant or 
an oxidative purifying agent to remove traces of phosphine and other 
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impurities. (See Chapter 1, Section 4.) However, it is usually more 
convenient to use the gas from a storage cylinder. In this case most of the 
impurities arising from carbide have been reduced to a proportion which is 
negligible if the gas is to be used as a raw material for laboratory syntheses. 
The gas from a cylinder does contain acetone in quantities which increase 
with decreasing pressure in the cylinder. Sodium bisulfite solution has 
been employed to remove acetone. Passing the gas through strong sulfuric 
acid in an efficient wash bottle also removes acetone and part of the other 
trace impurities but may introduce sulfur dioxide and acid spray. These 
may be eliminated by a soda-lime tower or by a dilute sodium hydroxide 
wash followed by a drying agent. If it is essential to remove oxygen from 
the gas an alkaline solution of sodium hydrosulfite containing a little 
anthroquinone sulfonic acid (1) may be placed in the train. Horiuti (^) 
and Conn, Kistiakowsky and Smith (S) have described somewhat more 
elaborate purification methods. However, acetylene may contain traces 
of impurities such as hydrogen, nitrogen, methane, or ethane which can 
not be removed by chemical reagents. According!}^ if the gas must be 
exhaustively purified it appears essential to liquify and distil it. This 
procedure requires special technique and precautions Avhich do not seem 
to have been adequately described in the literature. 

For the qualitative detection of acetylene a variation of the cuprous 
acetylide precipitation is always used, since the characteristic red color 
of the acetylide can be seen even when present in minute quantities. 
(See Chapter II, Section 5.) However, the acetylide is readily oxidized 
with darkening by air in an alkaline medium, and a reducing agent such 
as hydroxylamine is necessary to preserve the pure red color. Test papers 
based on this reaction have been described (4). For a much more sensitive 
test, modifications of Flosvay’s solution have been recommended (5). 
This consists of an ammoniacal cuprous chloride solution containing gelatin 
which acts as a protective colloid to keep the acetylide in a fine state of 
division so that its color is more readily observable at great dilution. 
Czaco (5) states that this reagent is sensitive to acetylene in concentrations 
of 2-4“"^® per cent if proper precautions are taken. 

Ilosvay’s solution, also has been used for the colorimetric estimation of 
acetylene (S, 6 ) . However, the color depends upon both the size of the colloi- 
dal particles and the absence of impurities such as traces of hydrogen sulfide 
or larger quantities of oxygen or carbon dioxide. Accordingly, most inves- 
tigators have preferred to estimate the quantity of acetylide formed either 
by careful drying and weighing as the explosive carbide C 2 CU 2 (7) or better, by 
dissolving the acetylide in acid and determining the copper by any standard 
method {8), Since the red cuprous acetylide in an ammoniacal solution 
is readily attacked by oxygen which darkens the color and may alter the 
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ratio of copper to carbon, it is recommended that a reducing agent such as 
hydroxylamine or hydrazine be added to the ammoniacal cuprous chloride 
solution (5). 

Chevastelon {9) and Ross and Trumbull {10) have described the estima- 
tion of acetylene, especially in the presence of ethylene, by titration of 
the nitric acid liberated by the gas from a neutral silver nitrate solution 
according to the equation, C 2 H 2 + SAgNOs — > C 2 Ag 2 AgN 03 + 2HN08. 
Hoeppner and Willstatter and Marchmann {11) report that the method is 
not very reliable. Novotny {12) proposed that the silver in the precipitate 
be determined. Lebeau and Damiens and Wellers {13) used a slightly 
alkaline solution of mercuric iodide and potassium iodide to precipitate 
acetylene in the presence of olefins. 

In gas volumetric analysis methods, reagents, containing copper, silver or 
mercury which are capable of absorbing acetylene are nearly always capable 
of taking up lesser quantities of olefins, diolefins, carbon monoxide or higher 
acetylenic hydrocarbons, so that methods depending upon loss of gas 
volume in such reagents arc of questionable accuracy. 

A microchemical method for the estimation of acetylene by reaction 
with a bead of cuprous chloride made alkaline with ammonium hydroxide 
has been proposed { 14 )- 

The analysis of carbide acetylene for common impurities has been 
described in several treatises on calcium carbide and acetylene (see Ref. 
1, Introduction) and a few reviews {16), A number of methods which 
describe special adaptation of these procedures to particular gas mixtures 
cannot be discussed in this work. 
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Chapter II 

Metallo-Derivatives of Acetylene 


1. T 3 rpes of metallo-derivatives of acetylene. The metallo-derivatives 
of acetylene are of two distinct types. 

First, acetylides, in which the triple bond persists, are formed by the 
replacement of one or both of the hydrogen atoms of acetylene by a metal 
or a metallo- radical. They may result from the action of acetylene on a 
metal with the evolution of hydrogen, from the action of acetylene on a 
metal compound with the elimination of the corresponding hydrogen com- 
pound, or from a metathetic reaction between an acetylide and a metal salt. 

HfeCH + M MfeCH + H 
HfeCH + MR — MfeCH -h RH 
MfeCH -f- M'X M'feCH + MX 

Second, metallo- addition compounds of acetylene usually contain all 
of the components of acetylene and an added metal compound. 

C2H2 4 - MX CjHj-MX 

In several cases the components of the metal salt become directly linked to 
the carbon atoms with partial or complete saturation of the triple bond. 
The structures of several other metallo- addition compounds of acetylene 
remain unknown. 

Metals of the first two groups of the periodic table and a few other 
metals and metallo- radicals of low valence are known to form acetylides. 
No attempt has been made to prepare and study all the possible metal 
acetylides, and only those have been investigated thoroughly which are 
useful either for the qualitative or quantitative estimation of acetylene or 
as intermediates in the preparation of substituted acetylenes (see Chapter 
III). Side reactions appear to prevent the formation of acetylides of cer- 
tain metals. Thus reactions which might be expected to yield cupric* 
acetylide yield diacetylene and a cuprous salt, and several other metals 
probably behave in the same way. The hydrogenation of acetylene by 
chromous salts and its oxidation by osmium salts appear to obviate the 
preparation of acetylides of these metals. 

The metal compounds which add to acetylene include mercuric and 
cuprous salts; halides of aluminum, phosphorus, arsenic and antimony; a 
few palladous, aurous, chromous and silver salts; and possibly others. 
The greatest importance of some of these metal compounds lies in their use 
to promote the addition of non-metallic substances to acetylene. Metal 
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salts employed in this way are commonly referred to as catalysts; however, 
additive compounds of the metal salt with acetylene can usually be shown 
to exist in the catalytic mixtures, and these should probably be looked 
upon as intermediates which are continually regenerated in a cycle of re- 
actions. As will be shown later, metal compounds are used for the promo- 
tion or control of most of the commercially important addition reactions 
of acetylene. 

The formation of metal acetylides is reviewed in Sections 2-5, and the 
metallo- addition compounds in Sections 6-10 of this chapter. 

2. The preparation of acetylides by direct reaction of acetylene with 
alkali or alkaline-earth metals. With the alkali and alkaline-earth metals 
acetylene behaves as a very weak acid (see Section 3), forming the metal 
acetylides wdth evolution of hydrogen. Berthelot (1) early suggested 
that the acetylides of the alkali metals formed at ordinary temperatures 
have the simple formula, MC=CH, and this view is usually accepted. 
Moissan (2) later advanced the theory that these compounds, as well as 
the alkaline-earth acetylides, consist of one molecule of acetylenic carbide 
associated with one molecule of acetylene, MC=CM • C 2 H 2 . In confirma- 
tion, he cited the fact that these compounds lose acetylene and are con- 
verted to the carbides on heating. However, the same reasoning would 
assign complex formulas to many metal hydroxides and amides which are 
generally considered to have simple ones. Moissan also claimed to have 
obtained sodium carbide from the acetylide by treatment with iodine, but 
this reaction has not been confirmed. In opposition to this theory, 
Skossarevsky (5) pointed out that all the reactions of these acetylides may 
best be explained on the basis of the simple formulas. The question can 
be settled conclusively only by the development of a technique for deter- 
mination of the molecular weights of the compounds, but all other evidence 
points to the simple formulas, M — C^CH and M(C=CH) 2 . 

On this basis the replacement of one hydrogen atom of acetylene by an 
alkali or alkaline-earth cation appears to retard greatly the replacement of 
the second hydrogen atom. At low temperatures these metals thus tend 
to form the monometallic acetylides rather than the carbides, just as under 
similar conditions they form the hydroxides rather than the oxides and the 
amides rather than the imides or nitrides. Different and more drastic 
treatment is ijieeded for the replacement of both hydrogen atoms of acet- 
ylene by these metals. 

The simple acetylides are formed with, some evolution of heat by the 
direct action of acetylene on the more electropositive metals, either in the 
solid or fused state, or better in liquid ammonia solution. 

M + HCfeCH MfeCH + i li9 
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Acetylene acts upon the solid alkali or alkaline-earth metals to give at 
most a superficial coating of acetylide which delays further reaction, as 
was early observed by Berthelot (1) and later by Moissan (2). The same 
authors and also Matignon (4) prepared the acetylides of sodium and po- 
tassium by the reaction of acetylene with the metal heated slightly above 
its melting point. Further elevation of the temperature results in the 
formation of acetylenic carbides, MC=CM, and the method is, accord- 
ingly, not applicable to the preparation of acetylides of metals having a 
higher melting point, such as lithium and the alkaline-earth metals. It 
appears very difficult to secure complete reaction between acetylene and 
molten sodium or potassium because of enclosure of particles of unreacted 
metal by the acetylide. 

The production of the alkali-metal acetylides from the fused metals sus- 
pended in xylene has been patented (5 ) ; however even in this type of pro- 
cedure incrustation of the metal globules hinders the reaction. A method 
also has been patented in which the molten metals mixed with an inert 
solid material are treated with acetylene in a revolving drum (6). 

The alkali and alkaline-earth metals are soluble in liquid ammonia, and 
crystalline acetylides of these metals are obtained readily by the action of 
acetylene on the solutions. In this way Moissan {2) made the acetylides 
of lithium, sodium, potassium, calcium, rubidium and cesium. Hess and 
Munderloh (7) employed the method for making a quantity of sodium 
acetylide. Cottrell (8) reported a similar preparation of the acetylide of 
magnesium, although this metal is very slightly soluble in liquid ammonia. 
Some of the acetylides made in this way appear to hold ammonia of crys- 
tallization. The acetylide of lithium was found to retain two molecules 
of ammonia for each atom of metal, calcium acetylide four molecules of 
ammonia per atom of metal, and magnesium acetylide a maximum of five 
molecules of ammonia per atom of metal; the other alkali-metal acetylides 
held no ammonia at ordinary temperatures. These proportions conform 
to the general rule that the number of molecules of ammonia of crystalliza- 
tion in a salt increases as the radius of the cation decreases or as its valence 
increases. In further confirmation of this view all reactions of the am- 
moniated acetylides in liquid ammonia solution appear to be similar to 
those of the non-ammoniated acetylides. The authors in unpublished 
work have found that the ammonia can be removed completely from cal- 
cium acetylide by placing it over phosphorus pentoxide in an atmosphere 
of acetylene. 

Vaughn, Hennion, Vogt and Nieuwland (9) have called attention to a 
modified technique for the more rapid preparation of sodium acetylide in 
liquid ammonia, which is of interest because of the extensive use of this 
noLaterial in making substituted acetylenes^. This method is equally ap- 
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plicable to the acetylides of t^ie other metals which dissolve in this medium. 
At atmospheric pressure acetylene appears to be quite soluble in both liquid 
ammonia and also in the liquid ammonia-ace tylide solutions at a tempera- 
ture below their boiling points, but it is completely expelled from the solu- 
tions on boiling. The presence of metallic sodium in the ammonia greatly 
diminishes the solubility of acetylene, and if the concentration of the metal 
is high, the solubility of acetylene seems to be practically nil. Accordingly, 
the most rapid reaction takes place with a minimum concentration of 
sodium metal and a high concentration of acetylene attained by cooling 
the liquid ammonia solvent several degrees below the boiling point. If no 
other means of cooling is at hand, a solution of acetylene may be main- 
tained by blowing a stream of excess acetylene through the liquid ammonia, 
thus cooling it by evaporation. It should be remembered that in this 
reaction a volume of hydrogen and ethylene is evolved equal to one-half 
the volume of acetylene reacting, and some cooling results from evapora- 
tion of ammonia in this gas stream. Sodium may be added to the reaction 
mixture in a concentrated solution or better by regulating the depth of 
immersion of a solid stick of the metal suspended on a wire (10). To avoid 
loss of time, the reacting solution is never allowed to become blue through- 
out. At approximately —33° solid sodium does not dissolve readily in the 
saturated acetylide solution, and concentrated solutions of sodium appear 
not to be miscible with it. At this temperature the accumulation of dis- 
solved sodium acetylide retards the reaction and a rapid rate can be at- 
tained only in solutions which are somewhat less than saturated. In a 
bath cooled by solid carbon dioxide the solubility of sodium acetylide in 
liquid ammonia is decreased and sodium is soluble in the saturated solution. 
Accordingly, at the lower temperature solid sodium acetylide accumulates 
in the reaction mixture. The saturated solutions of the less soluble acetyl- 
ides of the other metals also give much less retardation. The liquid am- 
monia used as a solvent should be anhydrous and the solutions should be 
protected from contact with moist air, because the sodium hydroxide formed 
is a very undesirable impurity. By observing these precautions large quan- 
tities of sodium acetylide can be prepared in a fraction of the time other- 
wise required. 

Moissan (2) found that the nascent hydrogen produced in liquid ammonia 
solution hydrogenated a portion of the acetylene, and hydrogenation of 
the mono-substituted acetylenes in reactions of this type also has been 
reported (9, 11). Accordingly a metathetic reaction with sodamide (see 
Section 3) is advisable with the more costly monosubstituted acetylenes; 
but sodium acetylide is more easily made from the liquid ammonia solution 
of the metal, and any loss through conversion of acetylene to ethylene is 
neglected. 
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The replacement of both hydrogen atoms, of acetylene by the alkali or 
alkaline-earth metals has been accomplished only at somewhat higher tem- 
peratures, either by the action of acetylene on the metals or their hydrides, 
or by the loss of a molecule of acetylene from two molecules of the alkali 
acetylides, MC=CH. The formation of sodium carbide by these methods 
between 190° and 220° has been reported by several investigators (1, 4 ^ 

12), The authors {13) have noted that loss of acetylene from sodium 
acetylide begins at about 160° under partial vacuum. Moissan {2) pre- 
pared the carbides K 2 C 2 , Rb 2 C 2 and CS 2 C 2 by heating quickly the corre- 
sponding acetylides, but some decomposition of these substances occurred 
at the same time. Moissan also reported the preparation of Li 2 C 2 from the 
ammoniated acetylide, to which he assigned the formula Li 2 C 2 *C 2 H 2 * 2 NH 8 , 
and of CaC 2 from the compound CaC 2 • C 2 H 2 • 4NH8 on heating. Botolfsen 
{14) showed that mixtures of calcium carbide with the nitride and other 
impurities resulted from heating the ammoniated calcium acetylide. We 
have recently been informed in a private communication {16) that pure 
calcium carbide may be prepared from the ammoniated acetylide by the 
removal of the ammonia under vacuum at room temperature and subse- 
quent heating to eliminate acetylene. 
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3. The preparatioii of acetylides by metathetic reactions of acetylene 
with metal compounds having weakly negative anions. Since a hydrogen 
atom when directly hnked to an acetylenic carbon atom is more labile than 
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the hydrogen of most other hydrocarbons, some investigators have looked 
upon acetylene and the mono-substituted acetylenes as weak acids. How- 
ever, the researches of several chemists have shown that acetylene is only 
very slightly ionized as measured by its conductivity in water or liquid 
ammonia solutions (1), A fairly accurate concept of the lability of the 
hydrogen atoms in acetylene may be attained by a comparison of the meta- 
thetic reactions of acetylene and other substances having labile hydrogen 
with salts having weakly negati\^e anions. The following reactions illus- 
trate the position of acetylene in a series of slightly acidic hydrogen com- 
pounds. 

NaCHa + NHa — NaNH^ -f CH4 
NaCHa + C2H2 NafeCH -f CH. 

NaNHa -f- C2II2 NafeCH + NH3 
NaNHi -f- H2O -> NaOH -f NII3 
NafeCH + H2O NaOH + C2H2 

In general these reactions appear to lead to the formation of the hydride 
having the least labile hydrogen, and accordingly the order is methane, 
ammonia, acetylene and water. In these reactions the equilibrium is far 
to the right and the displacements are practically complete. Strictly con- 
sistent results are obtained with similar compounds of all the more electro- 
positive metals, but the covalent compounds of some of the less positive 
metals do not react in this way. The series of weakly negative anions and 
of the corresponding hydrides might easily be interpolated and extended: 
for instance, many aryl groups occupy a position between the alkyl groups 
and the amino group, while the oxyradicals of alcohols and phenols appear 
to be capable of displacing the ethynyl group, and amino and imino groups 
probably fall either above or below the ethynyl group, depending upon 
their organic components. A series of this kind is of value in predicting 
substitution reactions of acetylene. In this connection research to deter- 
ipine the relative acidity of a number of very weak acids is of interest (B). 

Metathetic reactions of weakly acidic hydrogen compounds and their 
salts frequently do not go entirely to completion, but the tendency to re- 
action is often strong enough to overcome unfavorable factors of solubility 
or volatility. Thus slightly soluble sodamide suspended in liquid ammonia 
is easily converted to the soluble acetylide by the action of acetylene. 
However some evidence may be cited for the existence of traces of these 
acetylides in equilibria with aqueous or alcoholic alkalies. For example, 
Billitzer (1) concluded that the greater solubility of acetylene as compared 
to ethylene in aqueous alkalies was due to the formation of minute propor- 
tions of alkali acetylides. Better evidence of equilibrium conditions may 
be found in the experiments of Reyerson and Yuster (5), which proved that 
a rather rapid exchange of deuterium for the hydrogen of acetylene took 
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place in solutions of alkali in heavy water, while no exchange could be de- 
tected in neutral or acidified heavy water. Bell (4), using a lower concen- 
tration of heavy water at 76° in most of his experiments, failed to observe 
the isotopic exchange; but further work by Reyerson {5) and Reyerson 
and Gillespie {6) confirmed the previous findings. These results can best 
be ascribed to the formation of acetylide ions in alkaline solution, and the 
same conclusion can be derived from the necessity for alkaline conditions 
in a number of substitution reactions of acetylene to be discussed in 
Chapter III. 

When one hydrogen atom of acetylene has been replaced by a substituent, 
the lability of the remaining hydrogen atom is influenced. The introduc- 
tion of the same substituent into water, acetylene and ammonia appears 
to produce the same qualitative effect on the lability of the remaining hy- 
drogen atoms; for example, phenol, phenyl acetylene and aniline appear 
to have more labile hydrogen atoms than the corresponding water, acety- 
lene and ammonia. However the comparative lability of hydrogen atoms 
in mono-substituted acetylenic compounds has received little study. 

The only procedure of the metathetic type which has been applied ex- 
tensively^^i^cetylene is the reaction with alkyl or aryl Grignard derivatives 
in ether, 

^a^2BMgX + C 2 II 2 XMgC=CMgX + 2RH 

The halomagnesium group, unlike the alkali metals, upon replacing one 
hydrogen atom of acetylene does not appear to retard greatly the replace- 
ment of the second hydrogen atom at ordinary temperature. Jozitsch (7) 
reported the preparation of compounds of the type XMgC=CMgX by 
the action of acetylene on ether solutions of the Grignard reagents prepared 
from methyl, ethyl, isobutyl and isoamyl iodides, from propyl, butyl, iso- 
butyl, isoamyl and benzyl bromides, and from tertiary-butyl and benzyl 
chlorides. Similar results were obtained later by others {8), These di- 
halomagnesium derivatives of acetylene are useful for the direct synthesis 
of certain other di-substituted derivatives of acetylene (see Chapter III). 
Lespieau {9) claimed that the dihalomagnesium acetylides could also serve 
for the preparation of mono-substituted acetylenes by the preferential 
reaction of one of the MgX groups, e,g,, 

RCHO -f XMgfeCxMgX XMgCfeC—CHOHR. 

However, the synthesis of mono-substituted acetylenes from these reagents 
usually has been accounted for by assuming that the Grignard derivative 
from acetylene contains a greater or less proportion of a monohalomag- 
nesium acetylide, HCfeCMgX. 

Oddo {10) appears first to have called attention to the possibility of ob- 
taining a considerable proportion of a monohalomagnesium derivative of 
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acetylene in a reaction of this kind. He made the compound HC^CMgBr 
from acetylene and phyenylmagnesium bromide. Jozitsch and later 
ZaPkind and Rosenfeld (11) also made this compound as almost the sole 
product when acetylene was passed into the boiling ether solution during 
the preparation of phenylmagnesium bromide. Evidence that varying 
quantities of a similar product may result from other Grignard reagents 
with acetylene was noted by Dupont and later workers (8), Grignard, 
Lepayre and Tcheou Faki (J^) investigated conditions of temperature and 
acetylene pressure governing the relative formation and the equilibrium 
of the di- and monohalomagnesium derivatives of acetylene in ether and 
benzene solutions. The equilibrium, XMgC^CMgX + C 2 H 2 2HC= 
CmgX, was forced to the right by an added pressure of one-half atmosphere 
of acetylene, and yields of 80 to 90 per cent of nC=CMgX were obtained 
at various temperatures. Thus the proportions of the two types of acety- 
lene compounds appear to be reached cither by direct formation or by 
equilibrium changes, and to be influenced by the identity of the original 
Grignard reagent and by acetylene pressure, temperature and solvent. 

By a similar reaction Jozitsch (7) made IZnC=CZnI from ethylzinc 
iodide and acetylene in ether, and Durand (13) claimed to have obtained 
the compound ZnC 2 from zinc diethyl and acetylene in ligroin. 

The organic groups of organo-metallic compounds of the less electro- 
positive metals are not replaced by reaction with acetylene (I 4 ) and in 
this respect are quite unlike the organo-compounds of the alkali metals, 
of zinc and of magnesium. Thus Durand (13) failed to replace the organic 
radicals by reactions between acetylene and the ethyl and phenyl com- 
pounds of mercury and lead, which of course are practically non-ionized. 
On the other hand the authors, in unpublished work, reported that they 
were able to dissolve insoluble amide or imide compounds of silver, lead, 
tin and mercury by the action of acetylene on the solids suspended in liquid 
ammonia made alkaline by the presence of sodium or potassium acetylide. 
The soluble silver and mercuric compounds were obviously quite different 
from the acetylides of these metals made in aqueous solutions (see Section 
5). Similarly, it is known that the amides and imides of several of the less 
electropositive metals are converted to oxides or hydroxides by water, 
whereas the organo-compounds of the same metals are inert toward water. 
It is quite probable that most metallic amides and imides, which are decom- 
posable by water, will also react with acetylene in liquid ammonia under 
the proper conditions, but this procedure has received little attention. 

Moissan (15) made the acetylides of sodium, potassium, rubidium, 
cesium and calcium by the action of acetylene on the hydrides of the m6tals 
at 100°, according to the reaction, MH + C 2 H 2 — ^ MC=CH + H 2 . He 
later reported that in the presence of traces of water a violent reaction 
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between acetylene and the hydrides began at ordinary temperature, where- 
as in the absence of water the reaction began at about 42°. 

Picon {16) found that sodamide suspended in liquid ammonia was con- 
verted to sodium acetylide by acetylene, and the experience of several 
investigators {16y 17) shows that sodium compounds of the mono-substi- 
tuted acetylenes are best prepared by the parallel action of the hydrocar- 
bons on sodamide. 
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4. The preparation of acetylides by metathetic reactions of acetylides 
with other metal salts. A promising but meagerly developed general 
method for the preparation of acetylides consists in the metathetic reactions 
of anhydrous salts of the metals or metalloids with sodium acetylide in 
liquid ammonia or with acetylenic Grignard reagents in ether or other 
organic solvents. Thus Mahler (f) has reported the formation of amor- 
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phous compounds of the empirical composition PaCe and AS2C6 from 
XMgC^CMgX on reaction with the phosphorus and arsenous halides in 
ether. These compounds were inert toward acids and alkalies and insolu- 
ble in ordinary solvents. The yellow phosphorus compound ignited on 
warming in air, and the brown arsenous compound exploded by warming 
or friction. Wieland and Wesche { 2 ) prepared the compound (CH8)2AsC= 
CAs(CH 3)2 by the action of cacodyl chloride, (CH3)2AsCl, on the compound 
BrMgC^CMgBr. Acetylene was regenerated from the bis-cacodyl acetyl- 
ide by the action of alkalies. 

The authors ( 5 ) have carried out some investigations on the action of a 
large excess of sodium acetylide in liquid ammonia solution on cuprous, 
silver antt mercuric salts. The products first formed were soluble, and by 
rapid evaporation of the solutions were obtained in mixture with a sodium 
salt and sodium acetylide as non -explosive, colorless solids. However, 
when the same solutions were allowed to stand for some time, or when less 
than one equivalent of sodium acetylide was used, precipitates resulted 
which resembled the ordinary explosive, insoluble ‘^carbides’^ of these 
metals. Weibel (4) also obtained acetylide precipitates of variable com- 
position by the action of anhydrous nickel and lead thiocyanates on a solu- 
tion of potassium acetylide in liquid ammonia. It was found that the 
nickel compound decomposed on standing to give a cuprene-like solid. 
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6. The preparation of acetylides by metathetic reactions of acetylene 
with certain metal salts in aqueous or alcoholic solutions. On treatment 
with acetylene in aqueous or alcoholic media, acetylide compounds are pre- 
cipitated from alkaline or even neutral or slightly acid solutions of certain 
salts of copper, silver, mercury, gol and perhaps a few other metals. In 
order to react in this way it appears that the metal must exist as a cation 
in solution, since slightly ionized compc inds such as the cyanides and the 
thioglycolates of these metals are inert. It is quite probable that both the 
slight ionization of the resulting acetylides and the insolubility of most of 
them are factors favoring their formation. However, these reactions can- 
not be attributed entirely to the insolubility of the products; for instance, 
the acetylide compounds from silver thiosulfate and from alkyl mercuro- 
nium salts are quite soluble in aqueous alkalies. A number of these com- 
pounds have a complex structure due to the introduction into the acetylide 
molecule of groups or anions which were linked to the metal in the orig- 
inal salt. 
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The preparation of acetylides in this way seems to depend upon a specific 
prof>erty of the metals named, and acetylide formation does not occur with 
salts of most other metals in aqueous or alcoholic solution. Thus Durand 
{1) failed to obtain acetylide precipitates from the hydroxides of nickel, 
cobalt or lead in aqueous alkaline solutions. Alkaline media are most 
favorable for this reaction, and of course metals such as lead and tin, 
which ordinarily form a part of the anion in alkaline solutions, cannot be 
expected to react in this manner; but the authors have also failed to obtain 
an acetylide from the cation of triethyllead chloride in alcoholic potash, 
although the alkylmercuronium salts reacted readily under the same 
conditions. It is probably significant that most of the metal salts which 
yield acetylides in water or alcohol are also known to form mole or less 
definite addition or association compounds with unsaturated hydrocarbons 
in the same solvents, indicating that similar addition compounds may be 
intermediates in this type of acetylide formation. The best example of 
this mechanism has been provided by Manchot and co-workers {2), who 
have proved that certain liquid mono-substituted acetylenes form com- 
pounds of the type RC=CH • CuCl when treated with dry cuprous chloride; 
these compounds, on contact with aqueous ammonia or even with water, 
lose hydrogen chloride and are converted to acetylides of the composition 
RC=C— Cu. 

In fact metal-salt addition compounds of acetylene may be present in 
some acetylide precipitates of this type, and it is difficult to distinguish 
between addition compounds and complex acetylides of these metals by 
analyses alone. Although the substances thrown down by acetylene from 
alkaline solutions of salts of the metals are thought to be acetylides in all 
cases, the precipitates formed in neutral and acid solutions of mercuric 
salts appear to be almost entirely addition products, while the structure of 
some similarly formed silver and copper compounds is rather doubtful. 

Acidic substances, especially the halogen acids and hydrogen sulfide, 
evolve acetylene from the acetylides of these metals. Baeyer {3) first 
used a potassium cyanide solution to liberate diacetylene from its cuprous 
salt, and this method has also been found applicable to acetylides. How- 
ever the alkali cyanides cease to act in the presence of much caustic alkali 
and the acetylides can even be made from the cyanides of copper, silver and 
mercury in strongly alkaline solutions. The results are probably due to 
the non-ionized condition of these metal cyanides in neutral solutions. 
Another test for acetylide structure in compounds of this type consists in 
the formation of diiodoacetylene on treatment with iodine in solution. In 
the present work it has been assumed that a compound of these metals is 
an acetylide rather than an addition compound if it conforms to one or 
more of these tests. 
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Some, but not all, of the acetylide compounds of the metals named are 
explosive. Accordingly, non-explosiveness is not sufficient to prove that 
a precipitate formed in this way is an addition compound, as sometimes 
has been assumed. The explosive properties of the silver acetylide de- 
rivatives have been studied most and appear to be due primarily to the 
large quantity of energy released upon their decomposition with libera- 
tion of elemental silver and carbon. Thus Berthelot and Delepine (4) 
calculated that the heat of formation of the compound C 2 Ag 2 from the ele- 
ments is —87.15 kcal/mole, as compared to —8.8 kcal for C 2 Na 2 , —6.25 
kcal for CaC 2 and —58.1 kcal for acetylene. The presence in complex 
acetylides of oxidizing groups such as nitrate, bromate or perchlorate, and 
also of the halogens, appears to increase the explosiveness, while the pres- 
ence of non-oxidizing anions, such as sulfate, phosphate or organic acid 
residues, appears to decrease the explosiveness. Although the explosion 
of these substances is very rapid on friction or excessive heating, their 
quiet decomposition can be accomplished by careful heating at a lower 
temperature. 

Copper, silver, mercury and gold, in contrast to the alkali and alkaline- 
earth metals, tend to replace both hydrogen atoms of acetylene at ordinary 
temperature. The preparation of the acetylide compounds of these metals 
will now be taken up in detail. 

The red, explosive acet 3 didc precipitate obtained b,y passing pyrolytic 
gases through an ammoniacal cuprous chloride solution was described (5) 
a few years before its exact nature was known. By treating this precipitate 
with hydrochloric acid Boettger (5) regenerated a gas which Berthelot ( 6 ) 
prepared in the same way, purified and named acetylene. Early workers 
assumed that recovery of the acetylene from the cuprous acetylide precipi- 
tate was quantitative, but it was soon found that the regenerated acetylene 
was not perfectly pure because of an addition reaction of hydrochloric acid 
to form vinyl chloride, and also because of alteration of the precipitate in 
air to yield a cuprous compound of diacetylene (see Chapter III, Section 5). 

A number of attempts have been made to deduce the structure of the 
red cuprous acetylide from analytical data {7-13). Blochmann { 8 ) and 
Scheiber and Reckleben { 11 ) showed that the apparently water-free precipi- 
tate had the approximate composition CU 2 C 2 • H 2 O and suggested the struc- 
tural formula HC=C — Cu • CuOH. Acids, hydrogen sulfide and potassium 
cyanide solutions were found to regenerate acetylene from this substance, 
while iodine in sodium hydroxide solution gave diiodoacetylene {IS). It 
was also found that on prolonged drying over sulfuric acid {9) or calcium 
chloride { 11 ) the precipitate approached the composition CU 2 C 2 . A similar 
red precipitate has been obtained from ammoniacal solutions of other 
cuprous salts in the presence of salts of other metals (11). Kuespert {I 4 ) 
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called attention to the colloidal condition of the acetylide made in dilute 
solutions of cuprous salts, and found that the colloid could be stabilized 
by the addition of gelatin. This acetylide is best prepared in a pure state 
in the presence of a reducing agent such as hydroxylamine {15), sulfur 
dioxide {16) or hydrazine sulfate {17), 

The distinctive red color of these copper acetylide precipitates from 
alkaline solutions is the basis for a number of qualitative tests for acetylene. 
Berthelot early called attention to the reaction as a specific test, and 
Deniges {18) developed a test paper for acetylene based on this reaction; 
Pietsch and Kotowski {19) have devised an especially sensitive method 
using a cuprous salt in a hydroxylamine solution. 

For quantitative determinations of either acetylene or copper Scheiber 
{11) advises the preparation of the red acetylide precipitate, followed by 
either dehydration and direct weighing or conversion of the copper to sul- 
fide or thiocyanate. This reaction also has been employed in many gas- 
analysis methods for estimation of acetylene by the loss in volume on con- 
tact with an alkaline cuprous solution {20). A modification of the cuprous 
salt-hydroxylamine reagent containing gelatin has been employed for the 
colorimetric estimation of acetylene {21). 

There is some evidence of the formation of more complex cuprous acety- 
lide compounds in neutral or slightly acid solutions of certain cuprous salts. 
Thus Bhaduri {22) obtained an acetylide precipitate containing the thio- 
sulfate group from a solution containing cuprous thiosulfate, and Scheiber 
and Reckleben {11) found that iodine entered into the composition of what 
appeared to be a cuprous acetylido compound precipitated in the presence 
of potassium iodide. 

From a dilute ammoniacal cupric salt solution an explosive acetylide 
precipitate was prepared by Soederbaum {28), who assigned to it the for- 
mula 12 CuC 2-H20. Only a ^^humic’’ material was liberated from this 
substance by acids or a potassium cyanide solution. Durand {!) obtained 
a red-brown precipitate by passing acetylene into a solution of cupric 
oxide in aqueous potassium hydroxide. The fresh material gave acetylene 
on treatment with hydrochloric acid, but the older, blackened material 
gave only a colloidal substance. These substances may have been impure 
cuprous acetylide precipitates resulting from partial reduction of the 
cuproic salts. The probable decomposition of cupric acetylides is dis- 
cussed in the following chapter in connection with the preparation of 
diacetylene. 

An explosive precipitate of silver acetylide was obtained by Quet and by 
Boettger {6) on passing pjrolytic gases through an ammoniacal silver ni- 
trate solution, Berthelot {6, 7) in his early studies on acetylene also in- 
vestigated this precipitate, and noted that the material varied in color from 
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yellow to pure white due to conditions of formation. Plimpton, Arth and 
Stettbacher {24) later established that the yellow precipitate was formed 
first, especially in dilute ammoniacal solutions of silver salts. Blochmann 
{8) assigned the formula HCsC — ^Ag 20 H to a yellow specimen when dried 
at a low temperature; his analysis showed a percentage of silver only a 
fraction of one per cent above the theoretical value of 83.7 per cent. Lossen 
{25) also obtained a yellow substance closely approximating this composi- 
tion by the elimination of carbon dioxide from the silver salt of acetylene 
dicarboxylic acid upon treatment with hot water. Berthelot and Delepine 
{4) later obtained a similar yellow substance by the action of acetylene on 
moist silver oxide. However, the yellow precipitate appears to pass into 
a white substance containing a higher proportion of silver on more pro- 
longed reaction; white precipitates also are obtained directly from more 
concentrated solutions of silver salts in aqueous ammonia. Conditions 
suitable for formation of these different types of precipitates have never 
been defined exactly, and in view of these facts some of the investigations 
of silver acetylide precipitates may have been made upon mixtures of more 
than one compound. 

Early analyses of air-dried precipitates having little yellow coloration 
{26) gave varying proportions of silver up to 89 per cent, and formulas 
\vith more or less oxygen and hydrogen were proposed. Keiser {9) proved 
that his white precipitate, when washed with alcohol and ether and dried 
over sulfuric acid at reduced pressure, closely approached a silver content 
of 89.99 per cent, the composition of Ag 2 C 2 , and that the weight of the 
dried material remained practically unchanged on explosion in vacuum, 
with no evolution of hydrogen, oxygen or steam. This constitution of the 
thoroughly dried white acetylide precipitate from ammoniacal silver ni- 
trate solutions was later confirmed by other workers (4, ^7). Pollitzer 
{28) has suggested the quantitative determination of acetylene from the 
weight of this compound. 

More complex acetylide precipitates are also formed by the action of 
acetylene on neutral or slightly acid solutions of a number of silver salts 
and even on alkaline solutions of the silver halides. In these reactions a 
portion of the anionic material of the silver salt is liberated as acid, while 
the remainder is held in the precipitate. Berthelot (7) reported a com- 
pound, HC 2 Ag 2 Cl, from ammoniacal silver chloride, and precipitates of 
undeternoined composition from the sulfate, phosphate and benzoate. 
Berthelot and Delepine {4) studied precipitates obtained from ammoniacal 
silver chloride, silver iodide in aqueous potassium iodide, and aqueous silver 
nitrate and sulfate, and proposed formulas based on the composition 
C 2 Ag 8 X, in some cases with an added molecule of C 2 Ag 2 or of the original 
silver salt. By the action of acetylene on neutral aqueous solutions of 
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silver salts Plimpton {24) reported precipitates of the compositions C2Ag2’ 
IH2O and C2Ag2-iH20 from the acetate, and 3C2Ag2*2AgN08*H20 and 
C2Ag2*2AgN08*H40 from the nitrate. Similarly, Edwards and Hodgkin- 
son {29) obtained a precipitate of the composition C2H2‘Ag20* Ag2Cr04 
from silver bichromate, and also precipitates of undetermined composition 
from the acetate, benzoate, butyrate, selenate, tungstate, phosphate, 
vanadate, and thiocyanate. They also reported that acetylene produced 
no silver acetylene compounds in aqueous potassium cyanide or potassium 
thiosulfate solutions. Nieuwland and Maguire {20) analyzed a peculiar 
non-explosive substance having an exceptionally low percentage of silver, 
of the approximate composition 3C2H2-2H3P04* Ag3P04*H20, which re- 
sulted from the reaction of acetylene with an acid solution of silver phos- 
phate; and they also prepared explosive precipitates of undetermined con- 
stitution from acid solutions of silver fluoride, bromate and perchlorate. 
Bhaduri {22) reported an acetylide precipitate 4Ag2S203-7Na2S203* 
86 Ag2C2 -1302112 from an aqueous solution of silver nitrate with sodium 
thiosulfate, but since this precipitate is rather soluble in water it can 
scarcely be as complex as this formula indicates. Chevastelon {21 ) calcu- 
lated the formula of an acetylide precipitate from neutral silver nitrate 
solution to be C2Ag2-AgN03. Willgerodt {22) proposed the formula 
HC2Ag2Cl for a precipitate from ammoniacal silver chloride and the 
formula HC2Ag2N03 for a precipitate from neutral silver nitrate solution. 

These analytical results are rather confusing, but some conclusions con- 
cerning the true structure of these substances may be inferred from the 
following facts. It has been established by a number of workers that 
practically all the silver compounds of acetylene yield considerable quanti- 
ties of acetylene on treatment with reagents such as hydrochloric acid, 
alkali cyanide solutions or hydrogen sulfide. Compounds giving these 
reactions must contain the structures HC^CAg or AgC^CAg, to which 
one or more molecules of a silver salt are in some way linked, rather than 
any more saturated addition products of acetylene or an acetylide with a 
silver salt. This view is further confirmed by the fact that Chevastelon 
{21), Berthelot and Delepine {4) and other investigators have found that 
some of these precipitates approach more and more closely the composition 
Ag2C2 on continued reaction, and also on treatment with ammonia. It is 
probable that those silver salts which give the most soluble primary reac- 
tion products with acetylene yield a final precipitate approaching most 
closely to the composition Ag2C2. Concerning the attachment of a silver 
salt to an acetylide residue, it has been shown that the precipitates from 
monosubstituted acetylenes and silver nitrate in alcohol all appear to have 
a constitution RCfeC-Ag-AgNOa, and a similar composition has been 
established by Krause and Schmitz (22) even for the non-acetylenic com- 
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pound, CeHb ^Ag'AgNOs. These facts point to the conclusion that the 
silver acetylide precipitates probably may be represented by formulas of 
the type XAg(*AgC=CAg-)nAgX, although sometimes the groups HC^ 
CAg* and • AgOH may be present; nearly all the analytical results may be 
explained satisfactorily on this assumption. Similarly the compound 
C2Ag2 quite possibly may be a polymer of the structure (-AgC^CAgOn. 

Due to the uncertain availability of mercury for the manufacture of 
fulminate in time of war, the possibility of using silver acetylide com- 
pounds as detonating agents has been studied. It has been found (34) 
that material approaching the composition Ag2C2 releases practically no 
gas on explosion in vacuum, whereas the acetylide precipitate from an acid 
solution of silver nitrate evolves a considerable volume of gas, and accord- 
ingly has more explosive force. 

Tucker and Moody (35) have suggested the use of dilute aqueous silver 
nitrate solution for the semi quantitative separation of ethylene and acety- 
lene. Terry (33) has patented the separation of copper and silver, as 
acetylides from ore solutions. 

An explosive mercuric acetylide compound was obtained by Berthelot 
(7) from an ammoniacal solution of mercuric iodide and potassium iodide, 
and Basset (37) reported an explosive precipitate from the action of pyro- 
lytic gases on Nessler’s solution. Reiser (38) studied the explosive com- 
pound formed by the action of acetylene on an aqueous solution of mercuric 
iodide, potassium iodide and potassium hydroxide. The air-dried material 
appeared to contain some water, and upon prolonged heating at 100° the 
composition approximated C2Hg. Plimpton and Travers (39) made a 
similar substance by the action of acetylene on mercuric oxide suspended 
in an ammoniacal solution of ammonium carbonate. Estimation of both 
mercury and carbon indicated the formula to be 2C2Hg • H2O, and the pro- 
portion of mercury was not further increased by drying at 100°. These 
authors reported that ammoniacal solutions of mercuric salts were not com- 
pletely precipitated by acetylene unless other salts such as CuSOi or ZnCb 
were added. Reiser (38) and Plimpton and Travers (39) reported that the 
acetylide compounds yielded some acetylene with hydrochloric acid and 
diiodoacetylene with iodine solutions. Ferber and Eoemer obtained an 
explosive compound, 2HgC2 *02112 *1120, possibly having an acetylide struc- 
ture, by the reaction of acetylene with a saturated mercuric acetate solu- 
tion in acetic acid (40). Acid and neutral solutions of mercuric salts are 
known to give addition compounds with acetylene in many cases (see 
Section 7), and accordingly a small proportion of addition products has 
been found to result from the reaction of mercuric salts or acids on the 
mercuric acetylide compounds. The acetylide precipitate from an alkaline 
solution of mercuric iodide and potassium iodide has been employed for the 
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quantitative determination of acetylene (4^), and an alkaline mercuric 
cyanide solution also has been used for this purpose (4 fa). 

Investigations by Spahr, Vogt and Nieuwland {42) concerning the acety- 
lide compounds of organo-mercuric radicals are helpful in understanding 
the properties of the acetylides of the less electropositive metals. The 
most stable compounds of this class have the type formula R — Hg — C= 
C — Hg — R, in which R may be any one of a number of alkyl or aryl groups; 
however, there is good reason to believe that more soluble compounds of 
the type HC^CHgR are first formed. The compounds RHgC=CHgR, 
which were partially precipitated by the action of acetylene on concentrated 
solutions of organo-mercuric salt in alcoholic sodium hydroxide, were more 
or less soluble in organic solvents, depending upon the specific organic 
radical present. The most soluble of the compounds was the isopropyl- 
mercuric derivative, and this substance when suspended in alcoholic sodium 
hydroxide was completely dissolved by passing in excess acetylene, prob- 
ably by conversion to the simpler monometallic acetylide: RHg — C= 
C — HgR + C 2 H 2 2HC=C — HgR. On heating or on reducing the 

pressure above this solution, acetylene was given off and the original com- 
pound was reprecipitated. The conversion of the less soluble compounds 
of the type RHgC^CHgR by means of excess acetylene was much slower. 
In no case were compounds of type HC^CHgR completely isolated, be- 
cause of the ease with which they lost acetylene. The reactions of these 
simple and soluble acetylide compounds are probably similar to the slower 
and more obscure reactions of the much less soluble acetylides of this group 
of metals. Apparently either one or both of the hydrogen atoms of acety- 
lene may be replaced by them at ordinary temperatures. When the prod- 
uct resulting from the replacement of one hydrogen atom of acetylene is 
quite insoluble, this may predominate in the precipitate, as possibly in the 
case of the reported compounds HC^C — Cu • CuOH, HC^C — Ag • AgOH 
and HC^C — ^Ag-AgCl, etc. If this first product is somewhat soluble, 
the reaction may proceed to the formation of less soluble disubstituted or 
chain products. However, if all the possible products are somewhat solu- 
ble, an equilibrium probably results which is dependent on the solubilities 
and the quantity of acetylene in solution. 

A good example of an acetylide of a bivalent metallo-radical is presented 
by Hilpert and Gruettner {4S)y who made a highly insoluble precipitate by 
the reaction of acetylene with an alkaline solution of a salt of the radical 
— Hg(CH 2 ) 6 Hg — . They considered their product to be polymeric, and 
it quite probably consisted of one or more compounds containing a struc- 
ture [-fee • Hg(OH 2 ) 5 Hg-]n. 

The unstable acetylides prepared from mercurous salts have received 
little study. Burkhardt and Travers (44) found that mercurous acetate 
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suspended in water was converted by acetylene into a gray, easily decom- 
posable substance from which acetylene was regenerated on treatment with 
hydrochloric acid. 

Salts of a few other metals have been found to yield acetylides in aqueous 
or alcoholic solutions, Berthelot ( 7 ) reported that acetylene produced a 
yellow explosive precipitate in an ammoniacal solution of aurous thiosul- 
fate, but he did not analyze this material. Matthews and Watters ( 4 ^) 
found that a similar precipitate from an ammoniacal solution of sodium 
aurous thiosulfate had the composition AU2C2 after drying over sulfuric 
acid and yielded acetylene on treatment with hydrochloric acid; it decom- 
posed slowly to gold and carbon in boiling water or upon slow heating. 
They found that acetylene had no effect upon an alkaline solution of auric 
chloride or upon an aqueous or ammoniacal solution of potassium auri- 
cyanide, while it reduced a neutral solution of auric chloride to metallic 
gold. 

Berthelot ( 7 ) also reported that a transient rose-violet precipitate ap- 
peared on passing acetylene through an ammoniacal solution of chromous 
sulfate. He considered this to be an acetylide, but it decomposed almost 
immediately to ethylene and chromic oxide. 

Gebauer ( 4 ^) found that a thin yellow film was formed by the action of 
acetylene at the surface of solid sodium hydroxide immersed in alcoholic 
solutions of the iodides of either zinc or cadmium, and he attributed this 
coloration to a trace of the acetylides of these metals. He also made an 
orange acetylide precipitate having a percentage of cadmium corresponding 
to CdC2 • C2H2 ' Cd2l2 by passing acetylene through an acetone solution of 
Cdl2C6H5NH2. On long washing with cold water or alcohol the cadmium 
percentage approximated the formula Cd2-C2H2, but hot water liberated 
acetylene from both compounds. 
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6. The addition of cuprous salts to acetylene* Berthelot (1) first re- 
ported the formation of precipitates by the action of acetylene on neutral 
aqueous solutions containing a cuprous halide and the corresponding po- 
tassium halide, but he erroneously regarded these as complex substitution 
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products of acetylene. It has been shown that secondary reactions occur 
in neutral aqueous solutions or in the presence of ammonium or alkali 
halides. Therefore, the simpler addition reactions in slightly acid solutions 
will be discussed first. 

By passing acetylene into an acidified aqueous or alcoholic solution of 
cuprous chloride, Chevastelon (^) obtained colorless crystals of a substance 
with the approximate composition C 2 H 2 *002012. Berthelot {3) also ob- 
tained this substance and observed that the absorption of acetylene in 
similar solutions varied with the temperature and with the pressure of 
acetylene. Manchot {4) studied exhaustively the absorption of acetylene 
in acidified aqueous solutions of cuprous chloride and found that, over and 
above the dissolved acetylene, the absorption reached a maximum corre- 
sponding to the formation of the complex C 2 li 2 • CuCl when the hydrogen 
chloride concentration ranged from about 0.6 to 1.0 mol per liter and the 
cuprous chloride concentration was less than 0.4 mol per liter. On treat- 
ing an alcoholic cuprous chloride solution with acetylene, Manchot believed 
he obtained C 2 H 2 *CuCl as a crystalline deposit which dissociated rapidly 
to give the original reactants on removal from the mother liquor. When a 
higher concentration of dissolved cuprous chloride and the same or a higher 
concentration of HCl was employed in the aqueous solutions, a white pre- 
cipitate appeared, and only about half as much acetylene reacted, indicat- 
ing the formation of the substance C 2 H 2 • CU 2 CI 2 as previously reported by 
Chevastelon and Berthelot. It was also observed that the same white 
precipitate was in some cases produced by the evolution of acetylene from 
clear solutions of the postulated complex C 2 H 2 *CuCl. Manchot stated 
that the white precipitate lost acetylene too rapidly to permit accurate 
analysis. Hofmann and Kuespert (5) claimed to have obtained a different 
precipitate, having the composition C 2 H 2 *3002012, in mixture mth an oily 
liquid upon passing acetylene into a solution of cupric chloride in absolute 
alcohol, but this result has not been confirmed. The simple addition prod- 
ucts of acetylene with other cuprous salts have not been investigated. 

Manchot (4) studied similar reactions of a number of acetylenic com- 
pounds in an attempt to shed light on the structure and behavior of these 
addition products, and found that the ability of an acetylenic compound 
to react with cuprous chloride was influenced by the presence of certain 
atoms or groups directly linked to an acetylenic carbon atom. Thus while 
acetylene, having two hydrogen atoms in this position, added either one or 
two equivalents of cuprous chloride, a number of monosubstituted acety- 
lenes combined with one equivalent of cuprous chloride to give crystalline 
solids of the composition RC^CH-CuCl. Moreover the compounds 
CflHe— CssC— I, CeHs— C^— Br, CeHe— C^C— CONH 2 and C«Hff— 
OsC — CN also readily combined with cuprous chloride, while a number 
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of other disubstituted acetylenes and diacetylenes failed to react. These 
addition compounds all dissociated to cuprous chloride and the original 
acetylenic compound on standing or heating. The molecular structure of 
these substances derived from acetylene and substituted acetylenes remains 
uncertain. 

A number of more complex reaction products with cuprous salts also 
have been reported. Berthelot { 1 ) observed that acetylene produced 
yellow precipitates by reaction with aqueous solutions of cuprous chloride 
containing potassium chloride or ammonium chloride, and also precipitates 
of a transient orange yellow color with aqueous solutions of cuprous bro- 
mide and potassium bromide, cuprous iodide and potassium iodide, and 
cuprous sulfite and ammonium sulfite. These precipitates were found to 
contain acetylene in combination with both salts of the original mixture. 
Chevastelon { 6 ) reported that a white substance, C2H2-2Cu2Cl2*KCl, was 
formed by the reaction of acetylene with an aqueous solution of cuprous 
chloride and potassium chloride and that this could be converted to the 
yellow substance, C2H2*4Cu2Cl2-2KCl, either by further addition of the 
salts or by loss of acetylene as in washing the white substance with ether. 
Tzyurikh and Ginzberg ( 7 ) found that during the preparation of vinyl- 
acetylene the precipitate formed by acetylene in a solution of ammonium 
chloride and cuprous chloride had the composition 6CuCl*3NH4Cl -02112. 
The authors have observed that when solutions of this kind have been 
standing for some time in contact with acetylene, the yellow precipitate 
consists at least in part of a compound of the cuprous salt with vinylacety- 
lene which dissociates on heating. This polymerization probably occurs 
while the acetylene is in combination with cuprous chloride, but the 
mechanism of the change and the structure of the compounds involved is 
not known. The authors have also found that similar yellow precipitates 
are formed in aqueous cuprous chloride solutions containing ammonium 
chloride or amine hydrochlorides and in a solution of cuprous chloride with 
pyridine and acetic acid. The conversion of acetylene to vinylacetylene 
by a cuprous chloride catalyst is the first step in the industrial process for 
making neoprene synthetic rubber (see Chapter V, Section 7 ). 

Chevastelon (< 5 ) noted that aqueous cuprous chloride solutions acidified 
with 5 per cent of concentrated hydrochloric acid reacted with acetylene to 
give first a yellow precipitate, which was then converted to a white precipi- 
tate as more acetylene was taken up. The passage of a current of carbon 
dioxide through the suspension of the white precipitate regenerated the 
yellow substance, presumably by the removal of acetylene. Manchot ( 4 ) 
observed that a yellow coloration was produced by acetylene in strongly 
acid cuprous chloride solutions. It will be noted that the color changes 
in the solution containing a high concentration of hydrochloric acid appear 
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to be strictly analogous to those in solutions containing alkali chlorides or 
ammonium chloride, and may indicate the existence of a complex contain- 
ing hydrogen chloride. 

Berthelot (1) and several later workers have observed the appearance 
of a violet or purple precipitate when acetylene reacted with a dilute neutral 
aqueous solution of cuprous chloride. Chevastelon (9) found that a pre- 
cipitate of the same color was produced when the substance CU2CI2 -02112 
was treated with water and derived the following equation from analytical 
data: 

2 CU 2 CI 2 C 2 H 2 + H 2 O C2H2-Cu2Cl2-Cu20 -f C 2 H 2 -f 2HC1 

Manchot (4) stated that when 1.0 gram of cuprous chloride in 100 cc of 
0.2 N hydrochloric acid was treated with acetylene, a clear solution of an 
addition product first resulted which then gave off a part of the acetylene 
and deposited a violet precipitate having the composition C2CU2 • CuCl • H2O. 
In this substance he considered that at least a part of the hydrogen of the 
acetylene had been replaced by copper. In like manner the cuprous chlo- 
ride addition compounds of a few monosubstituted acetylenes were found 
to lose hydrogen chloride and to be converted into the cuprous acetylides 
on treatment with water or dilute ammonia. Berthelot and Delepine (10) 
obtained a red precipitate of the composition C2CU2 • CU2I by the action of 
acetylene on a slightly alkaline aqueous solution of cuprous iodide and 
potassium iodide, and in similar solutions of higher alkalinity a precipitate 
richer in copper was produced. These results all appear to indicate that in 
neutral, slightly alkaline or very slightly acid aqueous solutions the cuprous 
salts give precipitates with acetylene which are intermediate in composition 
between cuprous acetylides formed in distinctly alkaline solutions and the 
addition products formed in more strongly acid or saline solutions. 
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7. The additiozi of mercury salts to acetylene. Kutscherov (1) first 
observed that mercuric chloride, bromide or sulfate in neutral solutions 
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catalyzed the addition of water to acetylene to form acetaldehyde and to a 
few substituted acetylenes to form ketones. He recognized that addition 
compounds of the acetylenes with the mercuric salts were intermediates in 
this process, and postulated rather complex structural formulas for these 
substances. It is now known that certain mercuric salts in acid media 
promote the rapid addition of water and likewise the analogous addition of 
many alcohols, phenols and carboxylic acids to acetylene. Many attempts 
have been made to isolate the addition compounds which are present in 
these reactions and to clarify their structure, but because of the alterability 
of these substances the results are somewhat confusing. 

Perhaps the simplest reported addition product of acetylene with a mer- 
curic salt is that formed in a dilute hydrochloric acid solution of mercuric 
chloride. Biginelli {2) assigned the formula CHCl=CPIHgCl to a white 
precipitate prepared from acetylene and an acid aqueous solution of mer- 
curic chloride. This substance melted at 129-30° and was soluble in a 
mixture of alcohol and water. Employing a similar method, Brame {S) 
prepared this substance as a white, crystalline, vesicant powder. The 
vesicant property is also shown by the simple addition product of mercuric 
chloride with ethylene, but is absent in the more complex addition products 
of acetylene with mercuric salts. Brame ’s material lost acetylene on 
heating, and with water yielded some hydrochloric acid, a little acetalde- 
hyde, and a more complex organic compound of mercury; it was converted 
by aqueous alkalies into an explosive substance which was probably mer- 
curic acetylide. Chapman and Jenkins (4) obtained a white, crystalline 
substance by circulating acetylene for several hours through an acidified 
alcoholic solution of mercuric chloride. This material melted at about 


113°, was soluble in organic solvents and also had a composition approxi- 
mating C 2 H 2 *HgCl 2 . Hydrochloric acid in higher concentrations retards 
or almost entirely prevents the reaction of acetylene with mercuric chloride 
solutions. 

Reiser {5) analyzed a white substance which was precipitated by acety- 
lene from a neutral aqueous mercuric chloride solution, having the approxi- 
mate composition C 2 Hg 2 Cl 2 * JH 2 O. Hofmann {6) suggested the formula 
(ClHg) 2 C — CCI 2 for the amorphous precipitate formed by acetylene in an 

\/ 

Hg 

aqueous solution of mercuric chloride and sodium chloride, but his analyses 
showed a deficit of chlorine and he assumed some replacement of chlorine 
by the hydroxyl group. On the basis of analyses, Biltz and Mumm (7) 
assigned the formula (ClHg)sC — CHO to the precipitate formed by acety- 
lene in a neutral aqueous solution of mercuric chloride, and showed that 
approximately one mol of hydrogen chloride was liberated for each mol of 
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mercuric chloride reacting. In opposition to the work of Hofmann, they 
stated that the only effect of sodium chloride was to retard, and when con- 
centrated to prevent the reaction, and they postulated the formation of an 
intermediate, (ClHg)3C — CHCh, which was then hydrolyzed to the final 
precipitate. The substituted acetaldehyde structure of this substance was 
confirmed by the fact that it yielded iodoform rather than diiodoacetylene 
with an alkaline iodine solution. Hofmann ( 8 ) in reply stated that, al- 
though almost pure (ClHg) 8 C — CHO was probably formed by acetylene 
in neutral aqueous mercuric chloride solutions, the compound C2Hg3Cl4 
was the principal product when an equimolecular quantity of sodium 
chloride was present. Biltz ( 9 ) further discussed the structure of these 
substances. Ferber and Roemer ( 10 ) claim to have obtained a compound 
having the empirical formula C2Hg3Cl3 by the action of acetylene on an 
alcoholic mercuric chloride solution. Manchot and Hass ( 19 ) assigned the 
formula C2Hg • HgCl2 • HgCl • H2O to a precipitate produced by acetylene in 
an aqueous mercuric chloride solution, and claimed that both mercurous 
and mercuric ions were obtained from this substance. Mercuric bromide 
gave a similar precipitate. 

Koethner and Erdmann and Koethner ( 11 ) reported ‘‘a double compound 
of mercuric carbide and mercuric nitrate’’ prepared as a white precipitate 
by passing acetylene into a slightly acidified aqueous solution of mercuric 
nitrate, and assigned the formula C2Hg3N03*H20 to this substance, which 
ttiey found to yield acetaldehyde on treatment with acids. Hofmann ( 12 ) 
made a white, crystalline compound by reaction of acetylene with a dilute 
nitric acid solution of mercuric nitrate, which he stated to be identical with 
a product prepared by the mercuration of acetaldehyde. From analyses 

NOsHg H 

he suggested the formula \ / for this substance, and noted 

Hg^C— C=0 

that it yielded acetaldehyde with hydrochloric acid and aldehyde resin 
with sodium hydroxide or potassium cyanide solutions. Hofmann also 
investigated the compound of Erdmann and Koethner, which appeared to 
result from a more prolonged action of mercuric nitrate, and proposed the 
NOsHg H 

formula \ / . Kearns, Hizer and Nieuwland ( 13 ) later 

OHg 2 =C— C =0 

found that nitric acid solutions were reduced by acetylene in the presence 
of mercuric nitrate and that most of the acetylene was oxidized to oxalic 
acid and a little carbon dioxide. 

Hofmann (14) prepared a white explosive precipitate of the composition 
C2Hg8C106H from acetylene and an aqueous solution of mercuric chlorate, 
and found that it was converted by hydrochloric acid to the previously 
reported derivative, (ClHg)3C — CHO. At the same time he reported a 
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nitrite derivative C 2 Hg 2 N 08 H made by reaction of acetylene on an aqueous 
solution of mercuric nitrate and potassium nitrite. Nieuwland and Maguire 
{15) also prepared a nitrite compound which had an odor of acetaldehyde 
and gave the iodoform reaction, and they further reported a mercuric 
chromate derivative which deflagrated by friction. 

No consistent results have been reported on the analyses of precipitates 
produced by acetylene in dilute sulfuric acid solutions of mercuric sulfate, 
but Erdmann and Koethner {11) anticipated modern commercial practice 
by recommending this solution as the best available catalyst for the con- 
tinuous preparation of acetaldehyde from acetylene and water, and modifi- 
cations of this solution and procedure are the subject of very numerous 
patents (see Chapter IV, Section 6). Likewise Nieuwland and Maguire 
{15) noted very erratic analytical data for precipitates formed by acetylene 
in acidified solutions of mercuric fluosilicate, fluoborate and perchlorate, 
although the iodoform reaction indicated the presence of an acetaldehyde 
structure. The authors have since found that acid solutions of these 
salts are very useful catalysts for addition reactions of acetylene. It is 
probably significant that the precipitates which give the most variable 
analyses are formed in those solutions which are most active catalytically. 
These variable results have tended to discourage further efforts to deter- 
mine the mechanism of the catalytic action of mercuric salts in acetylene 
addition reactions by strictly analytical methods. 

Frieman, Kennedy and Lucas {16) have determined the effect of concen- 
tration of acetylene, acetaldehyde and mercuric sulfate on the rate of 
hydration of acetylene in homogeneous solution. They report that the 
reaction is second order with respect to mercuric sulfate concentration, 
and suggest that this may indicate an intermediate compound of one 
molecule of acetylene with two molecules of mercuric sulfate or acid sulfate. 
In an investigation of the addition of mercuric acetate to a number of 
mono- and disubstituted acetylenic compounds Myddleton, Barret and 
co-workers {17) have shown that hydrogen bound to acetylenic carbon is 
first replaced by mercury and that both these substitution products and 
disubstituted acetylenes then react to form compounds with the central 

4— d- 

group, II • It is possible that acetylene may 

CH,COOHgO HgOOCCHs 

follow a somewhat similar course of reaction. Hennion, Vogt and Nieuw- 
land {18) have discussed the possible courses of the addition and replace- 
ment of mercuric compounds as catalysts in the addition of water and 
organic hydroxy compounds to acetylenes. 

During the catalytic addition of hydroxy compounds to acetylene by 
means of a mercuric salt, secondary reactions of unknown nature occur 
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which result in the gradual precipitation of insoluble and inactive organo- 
mercury compounds or of metallic mercury in amounts which bear no 
constant relation to the quantity of addition products formed. Many 
modifications of the acetaldehyde process have been proposed to overcome 
this catalyst loss (see Chapter IV, Section 6). It is probable that these 
side reactions are connected with the presence of variable quantities of 
oxygen or other impurities in the acetylene. 

No definite addition compounds of mercurous salts with acetylene have 
been reported, but the authors (unpublished, 1931) have found that mer- 
curous sulfate in concentrated sulfuric acid is an even more active catalyst 
than mercuric sulfate for the condensation of acetylene with olefinic or 
aromatic hydrocarbons (see Chapter V, Section 5), and it is quite probable 
that an addition compound of the mercurous salt is an intermediate in this 
reaction. When acetylene reacts with some mercuric salts in acid solu- 
tions, mercurous compounds are known to be formed, and may play a part 
in the catalytic reaction. 
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8. The addition of aluminum halides to acetylene. Baud (1) demon- 
strated the absorption of acetylene by anhydrous aluminum chloride* at 
temperatures close to the boiling point of acetylene, but the gas was almost 
completely regenerated as the temperature was raised. At room tempera- 
ture he found that a limited quantity of acetylene was completely absorbed 

• See C. A. Thomas, ** Anhydrous Aluminum Chloride in Organic Chemistry," 

A. C. S. Monograph $87, Reinhold Publishing Corp., 1941. 
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by the anhydrous chloride in the course of several days to give a light brown 
solid which appeared to be a derivative of an acetylene polymer. At 70 ® 
the reaction was very rapid, with evolution of fumes and blackening of the 
solid product, and when the temperature was raised to 120 - 140 ®, about 
40 mols of acetylene were taken up by one mol of AI2CI6 before the reaction 
ceased. Under the conditions no hydrogen chloride but some hydrogen 
and hydrogenation products of acetylene were given off, and the product 
on analysis was found to have a higher ratio of carbon to hydrogen than 
occurs in acetylene. Some aromatic material and tar was obtained from 
the solid product on further heating. Gangloff and Henderson { 2 ) were 
unable to detect reaction of acetylene with aluminum chloride at room 
temperature, but confirmed the results of Baud at 60 ° and higher. By 
passing acetylene into solutions of AICI3 in absolute ethyl or methyl alco- 
hols they obtained crystalline compounds of the approximate compositions : 
A1C13-C2H2-CH30H-H20, AlCl3*C2H2*2C2H50H and A1C13-2C2H2-2H20. 
They stated that the analyses were unsatisfactory because of the evolution 
of acetylene and alcohol from these compounds on standing. 

The initial addition of an aluminum halide to acetylene is probably 
much simpler than these reports indicate. For instance, in the addition 
of the arsenic trihalides to acetylene discussed in the next section it has 
been suggested that intermediates of the type A 1 (HC— CHX)3 are formed 
by the successive reaction of three molecules of acetylene with one molecule 
of aluminum halide. 
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9. The addition of arsenic trichloride and arsenic tribromide to acetylene. 

Nieuwland ( 1 ) first reported the formation of poisonous, evil-smelling 
products from the reaction of acetylene with arsenic trichloride in the 
presence of anhydrous aluminum chloride, but did not identify the com- 
pounds formed. During the World War I this reaction was further investi- 
gated by chemists of the United States Chemical Warfare Service, and the 
addition products of arsenic trichloride were isolated. Their military use 
under the name ^‘Lewisite’’ was proposed, but the data on this synthesis 
were not made available immediately. Dafert ( 2 ) also obtained a com- 
pound to which he ascribed the formula AsCl3-2C2H2 by the action of 
arsenic trichloride on acetylene in the presence of aluminum chloride. 
The present extensive knowledge of the synthesis is mostly due to the 
publications of Green and Price ( 5 ), Mann and Pope ( 4 ), Lewis and Perkins 
( 5 ) (in part a resume of the work of the U. S. Chemical Warfare Service), 
and Lewis and Steigler { 6 ), who employed an aluminum halide or in a few 
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cases mercuric chloride as an essential catalyst. An addition compound 
having the composition Aids* AsCh -302112 was shown to occur as an inter- 
mediate in the reaction of acetylene with aluminum chloride and arsenic 
trichloride. When the freshly prepared crude product was treated with 
dilute hydrochloric acid to remove aluminum chloride, the compound 
jS', /5"-trichlorovinylarsine, (ClCH=CH)8As, was found to predomi- 
nate over the two other possible derivatives, (CICH— CH) 2 AsCl and 
(ClCH==CH)AsCl 2 , even when an excess of arsenic trichloride was present 
during the reaction. However, on warming with arsenic trichloride, the 
compound (ClCH=CH) 3 As or the intermediate containing aluminum 
chloride yielded an equilibrium mixture containing the other two deriva- 
tives. Lewis and Steigler (6) also found that pure chlorovinylarsines 
could be prepared from arsenic trichloride and acetylene with aluminum 
bromide as a promoter and that the corresponding pure bromovinyl 
arsines could be prepared from arsenic tribromide and acetylene with 
aluminum chloride as a promoter, proving that only halogen from the 
arsenic halide entered into the composition of the halovinyl groups in the 
final product. The following equations illustrate the structure and 
mechanisms proposed by Lewis and his co-workers on the basis of this 
evidence. 

AlBra + 3 C 2 H 2 Al(CH=CHBr )3 
Al(CH=CHBr )3 -h AsCU Al(CHCl~CHBr) 8 As 
A1(CHC1— CHBr) 3 As AIBfj -f (ClCH=-CH) 3 As 

(C1CH=-CH)3A8 + AsCb (C1CH-=CH)2 AsC 1 + (ClCH=CH)AsCl 2 . 

The halogen of the halovinyl groups in these compounds is quite inert, 
but when halogen atoms remain directly linked to arsenic they may be 
replaced readily, and the arsenic of all the compounds may be oxidized to 
the quinquivalent state. The reactions and other characteristics of the 
compounds have been described by numerous investigators (7, 8). Ac- 
cording to Nekrasov and Nekrasov (8) the halovinyl arsines, like bis- 
cacodyl acetylide, yield acetylene on treatment with aqueous alkali. Jack- 
son and Jackson (9) have reviewed the history, preparation, reactions and 
properties of these compounds. 

The condensation of methyl dichloroarsine with acetylene by a similar 
method has also been investigated (10), 

Before the development of the halovinyl arsines Heinemann (11) and 
Fischer (1^) had reported the addition of arsenic trichloride to behenolic 
and to stearolic acids at the triple bonds. In these cases it is of interest 
to note that the reactions occurred on heating without the aid of catalysts. 
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10. Evidence for the addition of compounds of other metals to acetylene. 

Erdmann and co-workers {1, 2) reported that a cold aqueous solution of 
palladous chloride, when treated with acetylene, gave a light-brown pre- 
cipitate which was soluble in aqueous solutions of ammonium hydroxide, 
potassium cyanide and alkali bisulfites and which gave an odor resembling 
acetaldehyde. Makowka (3) suggested the formula 


CHs— CH CCl— CHO 

\ / 

Pd 


for this substance on the basis of analysis and because it gave butyric acid 
after fusion with caustic potash, decomposition with sulfuric acid and steam 
distillation; but the evidence for this structure is far from conclusive. 

Berthelot (4) reported the reduction of an auric chloride solution by 
acetylene, and Erdmann and Koethner (1) stated that a gold chloride solu- 
tion first became dark violet red on contact with acetylene, and that a 
black precipitate then appeared which was possibly an addition compound 
and which on heating gave off a gas with a sharp odor and left a residue of 
metallic gold. Kindler (5) further investigated the reaction of gold chloride 
and gold bromide solutions with acetylene and identified glyoxal as the 
principal organic product of the decomposition of the black precipitate. 
Erdmann and Koethner (1) found that osmium salts were reduced by 
acetylene, and Kinder (5) stated that the halides of osmium, molybdenum 
and tungsten were reduced by acetylene with production of glyoxal. Erd- 
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mann and Makowka {^) have devised methods based on acetylene reactions 
for the qualitative and quantitative separation of salts of some of these 
metals from salts of metals such as rhodium, iridium and platinum which 
do not appear to react with acetylene. 

Although there is some evidence for the existence of unstable addition 
compounds of silver salts with olefins, the products of the reaction of silver 
salts with acetylene and monosubstituted acetylenes usually appear to be 
acetylides. However it is quite possible that addition compounds occur 
as intermediates in these cases of acetylide formation. In this connection 
it is of interest to note that no reactions of silver salts with disubstituted 
acetylenes have been reported. 

Kutscherov (6) described the catalytic addition of water to acetylene 
and a few homologs induced by zinc and cadmium salts as well as by 
mercuric salts, but analogous addition compounds of the zinc and cadmium 
salts have never been detected. If they occur the quantity present in the 
catalytic solutions must be comparatively small, and the catalytic action 
is certainly much slower than that of the mercuric compounds. 

Berthelot and Jungfleisch (7) found that acetylene was absorbed by 
antimony pentachloride, forming crystals having the composition SbCls* 
C 2 H 2 CI 2 . On heating this compound with excess antimony pentachloride, 
symmetrical tetrachlore thane was evolved. Sabanejev (8) was unable to 
repeat this work and reported explosions, but Nieuwland (9) found that 
the reaction and the formation of the crystalline precipitate sometimes 
took place readily, but did not determine the factor responsible for this 
effect. Nieuwland and some later workers have used the addition com- 
pound as a cyclic intermediate for the chlorination of acetylene (see Chap- 
ter IV, Section 5). Nieuwland obtained traces of tarry products having 
very disagreeable odors on passing acetylene over a mixture of aluminum 
chloride and antimony trichloride. 

Nieuwland (9) observed that traces of a compound having a disagreeable 
odor resulted from passing acetylene into a solution of aluminum chloride 
and phosphorus pentachloride in phosphorus trichloride, but this reaction 
has not been further investigated. A possible parallel exists in the addition 
of phosphorus pentachloride to a few other acetylenic compounds de- 
scribed by Bergman and Bondi (10). 

It is possible that an addition of an alkali hydroxide to acetylene occura 
as an intermediate step in the preparation of alkali-metal acetates from 
acetylene (see Chapter IV, Section 7). Such an addition would be analogous 
to the additions of alkali hydroxides, alkoxides or amides, which are some- 
times postulated as intermediates in rearrangements of acetylenic hydro- 
carbons (see Chapter IIL Section 2). 
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Chapter III 

The Substitution of Non-Metal Atoms or Radicals for the 
Hydrogen of Acetylene 

1. Types of substitution of non-metal atoms or radicals in acetylene. 

Most of the procedures which are in regular use for the introduction of 
substituents into hydrocarbons of other series are not readily applicable 
to acetylene, and a number of special substitution methods have been 
devised for this purpose. Several inorganic radicals, such as the nitro, 
amino or sulfonic groups, which are commonly occurring substituents in 
other fields of organic chemistry, have not been attached to a carbon atom 
of acetylene. Processes of sulfonation and nitration as ordinarily employed 
lead to mixtures of oxidation, polymerization and addition products with 
acetylene. As applied to a monosubstituted acetylene, Krafft and Heiz- 
mann (1) claimed to have accomplished the direct nitration and sulfona- 
tion of l-fiexadec 3 me in the cold to give the 1-nitro and the 1-sulfonic acid 
derivatives, but this is an isolated instance and the work has not been 
extended or repeated. 

The direct methods of substitution by halogens which are applicable to 
saturated and aromatic hydrocarbons lead to halogen addition reactions 
with acetylene. However, halogen substitution on an acetylenic carbon 
atom may be attained readily by the action of halogens on metal acetylides 
or on acetylene in certain solutions which combine with the liberated halo- 
gen acid (see Section 6). The haloacetylenes in turn fail to give many of 
the characteristic substitution reactions common to the alkyl and aryl 
halides, and in consequence are of little use in further synthesis. The 
haloacetylenes react with alkaline hydroxides to give acetylene and the 
hypohalite salt. However, in the case of a few arylacetylenes this reaction 
yields instead the corresponding saturated carboxylic acid or its derivatives 
(^), and it is possible that this result indicates the formation and rearrange- 
ment of a hydroxy acetylenic compound: RC=C — OH —> RCH=CO 
RCH 2 COOH. Replacement of the halogen of haloacetylenes by reaction 
with alkali sulfides, cyanides or thiocyanides, or with the alkali salts of 
alcohols, phenols, oxyacids or mercaptans have not been reported. The 
few known compounds of the class of ethynyl ethers and thio-ethers have 
all been prepared by dehydrohalogenation methods rather than by replace- 
ment of the halogen in a haloacetylene {S), Cyanoacetylene and dicyano- 
acetylene have been made by the dehydration of the corresponding carbox- 
ylic acid amides (4). A few compounds of the type RCsC — CN have 



Table 3. Type Substitution Products of Acetylene. 
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* The nunabers indicate the section of this chapter in which the preparation is cited. 

t ^ A primary alkyl group. It is w'orthy of note that R an acetylene substituent may also indicate the vinyl group, since 
vinylacetylene undergoes ‘substitution like an alkylacetylene. R' may be either an alkyl or aryl group, X is chlorine, bromine 
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been made by the action of cyanogen chloride on the halomagnesium 
derivatives of mono-substituted acetylenes (5). 

The most valuable of the substitution methods applicable to acetylene 
comprise the reactions of sodium acetylide or of the acetylenic Grignard 
reagents with organic halides or with organic carbonyl compounds. Each 
of these acetylide intermediates has definite limitations, as is shown in the 
following sections, but their use in nuclear synthetic reactions has made 
possible the preparation of a large number of compounds in the acetylene 
series, including hydrocarbons, carbinols, aldehydes, ketones, carboxylic 
acids and derivatives of these several classes. Another reaction of some 
importance is the synthesis of conjugated diace tylenic compounds from 
copper acetylides or from acetylenic halomagnesium compounds. Most 
of these methods may be used to replace either one or both of the hydrogen 
atoms of acetylene and in many cases two unlike substituents have been 
introduced by separate steps. Table 3 presents the type formulas of 
compounds which can be prepared from acetylene by these methods. 

These substitution reactions provide the only important method of 
carbon skeleton synthesis by which an organic radical may be attached 
directly to an unsaturated aliphatic carbon atom, and although costly and 
imperfectly developed at present, they promise to be of the greatest value 
in the study of unsaturated chain compounds. 

An enormous number of other organic compounds can be made indirectly 
from acetylene by passing through the substitution products as inter- 
mediates. This field has been very incompletely developed, and cannot 
be discussed or documented in the present work. For example, by addition 
at the triple bond most of these acetylenic compounds can be converted 
into CIS or trans olefinic compounds, saturated compounds, ketones or 
ketals, dihalides or tetrahalides, hydrohalides or dihydrohalides, substituted 
vinyl or ethylidene esters, and numerous other types. The functional 
groups as substituents are also capable of many transformations. It will 
be noted that an acetylene with a functional substituent can be converted 
by certain addition reactions into a bifunctional compound which may in 
turn serve for the synthesis of elongated chains or heterocyclics. Ac- 
cordingly, it is of considerable interest to perfect the methods of substitu- 
tion in acetylene in order to make the substitution products more readily 
available as intermediates for laboratory syntheses. 
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2, The preparation of acetylenic hydrocarbons by the reaction of acet} - 
lides with halides, sulfates or sulfonate esters. Rearrangement of 
acetylenic hydrocarbons. Sodium acetylide, and to a lesset extent the 
acetylides of other strongly electropositive metals and the acetylenic 
halomagnesium compounds, have been used as intermediates in the synthe- 
sis of acetylenic hydrocarbons according to the type reactions: 

MfeCH -f- RX RteCH -f MX 
RfeCM -f R'X -> RfeCR' + MX. 

Sodium acetylide is employed either as a suspension in ether or as a solution 
in liquid ammonia, which is the'only medium in which it is appreciably 
soluble. The halomagnesium compounds of acetylene are ordinarily used 
in ether solution. In a few instances there is evidence of the direct synthe- 
sis of disubstituted acetylenic hydrocarbons, conforming to the equation: 

MfeCM + 2RX RC=CR + 2MX. 

In these reactions RX is usually an alkyl or alphyl halide, but recently 
alkyl sulfates and sulfonates have been used for this purpose. 

The general method has a number of limitations and is not suitable for 
the preparation of all classes of acetylenic hydrocarbons. Reactions of 
this type have served only for the introduction of straight chain alkyl 
groups, alkyl chains branched beyond the 2-po8ition, and arylated methyl 
groups. The few aryl halides which have been investigated are inert under 
the ordinary conditions of these reactions, and accordingly compounds 
having an aromatic ring directly linked to an acetylenic carbon atom have 
usually been made by desaturation processes. Organic halides containing 
also free hydroxyl, carboxyl or other acidic groups act on the acetylides 
to form salts and liberate acetylene. The possibilities of reactions between 
these salts and acetylides have not been investigated. The alkali acetylides 
remove hydrogen halides from many organic halides in preference to form- 
ing the substituted acetylenes. Among the compounds usually dehydro- 
halogeiiated by the acetylides are the secondary and tertiary alkyl halides, 
primary halides having a carbon chain branched at the 2-position, vinyl 
halides and their homologs, and compounds having two or more halogen 
atoms linked to the same or to adjacent carbon atoms. As a side reaction 
sodium acetylide removes hydrogen halide even from most straight-chain 
alkyl halides, forming olefins as a by-product of the acetylene synthesis. 
In this respect alkali acetylides behave much like the alkali hydroxides, 
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alkoxides, and amides in reactions with organic halides, and a comparison 
with these better known processes may lead to some extensions of the 
method for the production of substituted acetylenes. 

The synthesis of monoalkylacetylenes by the reaction of alkyl iodides 
on sodium acetylide in liquid ammonia was first reported and developed 
by Lebeau and Picon (1). The ethyl, n-propyl, n-butyl, n~amyl, n-octyl, 
hexadecyl and isoamyl derivatives were prepared by this method at tem- 
peratures ranging from —33° at atmospheric pressure to room temperature 
in an autoclave or sealed tube. On the other hand Picon (1) found that 
isopropyl chloride and iodide, isobutyl iodide, sec.-butyl iodide, -butyl 
iodide, active amyl iodide, tert.-amyl iodide and sec. -hexyl iodide required 
a somewhat higher temperature for reaction with sodium acetylide in 
liquid ammonia, and yielded olefins as almost the sole product according 
to the equations: 

R2CH— CHjX -f NaC^CH R^C^CHz + NaX -f- C2H2. 

RCH2— CHR'X -h NaC^CII RHC=CHR' NaX + C2H2. 

Maas and Wright (2) and Hurd, Meinert and Spence (S) made methyl- 
acetylene from methyl iodide in liquid ammonia. The latter authors 
pointed out that pure methylacetylene was obtained in this way, while 
that made by a dehydrohalogenation method was contaminated by the 
isomeric allene. Tchao Yin Lai (4) reported a 78 per cent yield of ethyl- 
acetylene from ethyl iodide and sodium acetylide in liquid ammonia. 
Morehouse and Maas (5) made methyl, ethyl, propyl, dimethyl and 
diethyl acetylenes by similar methods, 

Vaughn, Vogt, Hennion and Nieuwland (6) have carried out a great 
number of large runs employing straight-chain primary alkyl chlorides, 
bromides and iodides with sodium acetylide dissolved or in part suspended 
in liquid ammonia. These reactions proceeded readily even at atmospheric 
pressure and a temperature of about —33°. Reaction in an autoclave or a 
sealed tube at a higher temperature occurred more rapidly but was less 
convenient and usually yielded a higher percentage of by-products, which 
included alkylamines, alcohols, ethers and dialkylacetylenes. The alcohols 
and ethers arose from traces of water or alcohols in the reagents. The 
synthesis of these by-products was accounted for by the following equations: 

NH, + RX -* NH4RX NH,R + NaX + C,H, NH,R,X 

NH, + NaCfeCH ^ CtHj + NaNH, NH,R + NaX 

NaCfeCH + C,H, + NaOH ROH + NaX 

NaCfeCH + ROH C,H, + NaOR ROR + NaX 

NaCfeCH + RX -♦ RCfeCH + NaX 

NaCfeCH + RCfeCH RteCNa + CiH, RCfeCR + NaX. 
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Increased temperature of the reacting solution accelerated the direct 
reaction of alkyl halides with ammonia and by increasing the solubility of 
sodamide, sodium hydroxide, sodium alcoholates and the sodium salts of 
the alkylacetylenes, it also augmented the yields of the other by-products. 
When the reaction was performed in liquid ammonia boiling under atmos- 
pheric pressure, only traces of these by-products were formed. On the 
other hand no consistent relation was noted between the reaction temper- 
ature and the formation of an olefin which usually occurred to a slight 
extent according to the equation: 

NaCfeCH + RCHa— CH2X — RCH^CHa + C2H2 + NaX. 

When employing batches of from two to fifteen moles, the operation was 
conducted most conveniently with vigorous stirring in large flasks, in 
which contact of the materials with moist air was minimized by proper 
precautions but could not be prevented entirely. 

At atmospheric pressure most of the alkyl halide used in these reactions 
was either converted to the alkylacetylene or recovered unchanged, and 
the slight loss probably was due to olefin formation. When the process 
was carried out for several hours at room temperature in an autoclave, 
little alkyl bromide and no alkyl iodide were recovered, and amines formed 
a predominant by-product. 

In order to reduce costs it would be desirable to use the alkyl chlorides 
in this process. Since the boiling point of an alkyl chloride lies close to 
that of the corresponding acetylene, the two cannot be separated readily 
by fractional distillation. Accordingly it is necessary either to insure 
total reaction of the alkyl chloride or to devise some other method of 
separation, and neither of these objectives has as yet been reached. A 
mixture of an alkyl bromide with the corresponding alkylacetylene usually 
can be fractionally distilled to 3deld the hydrocarbon containing only a 
small proportion of the bromide, and mixtures of an alkyl iodide with an 
alkylacetylene are still more readily fractionated. However, if alkyl- 
acetylenes completely free from halides are desired, it is probably best to 
treat a liquid ammonia solution of sodium acetylide with an alkyl iodide in 
the autoclave and to allow suflScient time for the conversion of unreacted 
alkyl iodide to alkylammonium iodide. 

In preparing methyl- or ethylacetylene by this method the effluent 
gases liberated during the entire course of the reaction were conducted 
over water or dilute sulfuric acid, through a calcium chloride tower and 
into a refrigerated condenser for collection of the acetylenic product. 
After the reaction was practically complete, water was added cautiously 
to the liquid ammonia solution. ' In preparing the higher acetylene homo- 
logs, most of the product collected as an oil layer after dilution with water 
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and was separated, dried and distilled. A slight loss occurred by vola- 
tilization or entrainment with ammonia during dilution and by solution 
in the strong aqueous ammonia. It was found inadvisable to evaporate 
the liquid ammonia completely before treatment with water, since the 
hydrolysis of any excess sodium acetylide may cause local overheating 
with the possibility of isomerizing or pol 3 rmerizing the alkylacetylene. 

Dialkylacetylenes have been prepared from acetylene by first synthe- 
sizing a monoalkylacetylene as previously described, converting this to 
an acetylide by the action of sodamide, and treating the acetylide of the 
monoalkylacetylene with an alkyl halide: 

MfeCH -h RX RfeCH + MX 
RfeCH -f MNH 2 RfeCM -f NHs 
RCfeCM 4- R'X RfeCR' 4- MX. 

The dialkylacetylenes, when prepared from alkyl chlorides, do not appear 
to present difficulties of fractionation, but nevertheless alkyl bromides 
and iodides have usually been employed for their preparation. Heisig 
(7) and Heisig and Davis (8) made dimcthylacetylene by the action of 
methyl iodide on the sodium salt of methylacetylene in liquid ammonia. 
In the later work the dimethylacetylene was crystallized from the reaction 
mixture at the temperature of solid carbon dioxide. The authors have 
made diethylacetylene from ethyl chloride and sodium ethyl acetylide 
in a similar manner and have employed sodium alkyl acetylides and alkyl 
bromides for the synthesis of several of the higher homologs (9), Since 
the solubility of the sodium salt in liquid ammonia appears to diminish 
with increasing molecular weight of the alkylacetylene, the use of an 
autoclave at room temperature or above should prove advantageous for 
increasing the solubility and reactivity of the sodium salts of the higher 
homologs. Bried and Hennion (10) have recently prepared several sjon- 
metrical dialkylacetylenes by the action of the lower alkyl halides on 
a mixture of sodium acetylide and sodamide in liquid ammonia. 

2RX 4- NafeCH 4- NaNHa RfeCR 4- 2NaX + NH 3 . 

They have also made several unsymmetrical dialkylacetylenes by con- 
ducting this reaction in stages, but without isolation of the intermediate 
monoalkylacetylene. This is probably the most rapid and convenient 
technique for preparing the dialkylacetylenes. 

McCusker and Kroeger (11) prepared several acetylenic ethers by treat- 
ing the ethers of ethylene bromohydrin with sodium acetylide in liquid 
ammonia. 

Lespieau and Joumaud (1£) investigated the reactions of the allyl 
halides with sodium acetylide in liquid anamonia. Presumably allyl* 
acetylene was first formed, but subsequently the labile hydrogen atoms 
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of the central methylene group appear to have been replaced first by sodium 
and then by the allyl group. With allyl chloride and bromide, 25 per cent 
of a hydrocarbon was obtained which was thought to have the structure 
HfeC— CH(CH=CH 2 )CH 2 CH=CH 2 , and with allyl iodide the hydro- 
carbon HC=C— C(CH==CH 2 )(CH 2 — CH=CH 2)2 was probably formed. 
The remaining products were unsaturated hydrocarbons which failed to 
give a precipitate with alcoholic silver nitrate. A similar series of reac- 
tions was observed by Tchao Yin Lai (4) between homologs of propargyl 
bromide, RC^C — CH 2 Br, and the sodium salts of monosubstituted 
acetylenes, R'C^CNa. Products of the types R'C=C — CH 2 — C=CR, 
R'C^C— CH(C^CR)— CH 2 C=CR, and R'C=C(RC=C)C(CH 2 C= 
CR )2 along with resins of unknown composition were obtained. It is 
apparent that the hydrogen atoms of the methylene group are activated 
by the adjacence of two unsaturated residues. 

Bourguel (13) first employed an alkyl sulfate in an alkylation of this 
type, causing dimethyl sulfate to react with the sodium salts of alkyl- 
acetylenes in ether. Only one of the methyl groups of dimethyl sulfate 
is effective in this reaction, and the sodium salt of methylsulfuric acid 
is formed as a by-product. Truchet (I 4 ) employed the ethyl and butyl 
esters of p-toluenesulfonic acid and the allyl ester of benzenesulfonic acid 
in a similar way. The authors and their co-workers have found that it 
is possible to prepare methylacetylene and ethylacetylene in fair yields 
by reaction of the sulfate esters on sodium acetylide or calcium acetylide 
in liquid ammonia, alkylamines being formed as a by-product (6). John- 
son, Schwartz and Jacobs (15) have made several alkyl- and chloralkyl- 
acetylenes by the action of the p-toluenesulfonates on the sodium or 
halomagnesium derivatives of acetylene and alkylacetylenes. The prep- 
aration of alkylacetylenes from alkali acetylides and alkyl sulfates or 
sulfonates in a diluent such as diphenyl oxide at 190° has been patented 
(16). The action of dialkyl sulfates or alkyl esters of aromatic sulfonic 
acids on alkali or alkaline-earth acetylides appears to be a satisfactory 
general method for the attachment of an alkyl radical to an acetylenic 
carbon atom. The principal disadvantage of the method is that the 
higher alkyl esters are less readily available than the corresponding alkyl 
halides. 

From a somewhat limited experience (17) it does not appear that the 
less soluble acetylides of the other alkali and alkaline-earth metals possess 
any advantage over the cheaper sodium acetylide in reactions of this type. 

The acetylenic carbides of the alkali and alkaline-earth metals are 
much less soluble in liquid ammonia and in consequence are probably less 
reactive than the corresponding acetylides towards organic halides; these 
reactions have received little attention. Methods of obtaining methyl- 
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acetylene and ethylacetylene from methyl alcohol and calcium carbide 
(18y 19) and reactions of organic hydroxyl and halogen compounds with 
calcium carbide for the production of acetylenic hydrocarbons {20) have 
been patented. High temperatures were used to promote these reactions. 

The acetylenic halomagnesium compounds are quite inert toward pri- 
mary alkyl halides, although they give substituted acetylenes with more 
reactive halogen compounds such as the allyl or phenylated methyl halides 
and also with alkyl sulfates or sulfonates. Grignard, Lepayre and Tcheou 
Faki {21) reported that they obtained butylacetylene, allylacetylene and 
benzylacetylene by the action of the corresponding bromides on the mono- 
bromomagnesium derivatives of acetylene in ether, Danehy, Killian 
and Nieuwland {22) were able to prepare allylacetylene by a similar 
method only after the addition of cuprous bromide as a catalyst to the 
Grignard solution, and were unable to prepare alkylacetylenes even with 
the aid of this catalyst. Wieland and Kloss {23) introduced the diphenyl 
methyl and triphenyl methyl groups by the action of the corresponding 
chlorides on the dihalomagnesium derivative of acetylene or on a halo- 
magnesium derivative of phenyl acetylene. 

It is also possible to prepare dialkylacetylenes by first synthesizing an 
alkylacetylene as previously described, converting this to a halomagnesium 
derivative, and treating this acetylide with an alkyl sulfate or sulfonate. 
Thorn, Hennion and Nieuwland {24) have investigated a few of these 
reactions. 

A number of alkyl- and dialkylacetylenes prepared by means of the 
substitution reactions have been rearranged to give isomeric acetylenic 
hydrocarbons, and these processes may be described briefly at this point. 
Favorsky {25) first noted that in the presence of sodium above 100° the 
dialkylacetylenes and some allene derivatives were converted to the sodium 
salts of isomeric monoalkylacetylenes, e.^., 

CH3— C=C— CHa -h Na -> NafeC— C2H5 + H. 

CH2=C=-C(CH3)2 -H Na -> NafeC— CH(CH8)2 -h H. 

The rearrangement of allenic hydrocarbons by heating with sodium has 
been studied by several other workers {26). Bourgilel {27) employed 
sodamide at about 160° to produce a similar rearrangement of the di- 
alkylacetylenes, and by treating the resulting sodium compound with 
methyl sulfate lengthened the chain of the acetylenic hydrocarbons in a 
series of successive steps, e.gr., 

RCfeC— CH, + NaNH, RCH*— C=CNa(NH,) 

RCH,C^C— CH, + NH4CH,S0« + NaCHjSO. 

RCHjCH^C^NaCNH,), etc. 
The ammonia was not evolved, but retained in a “double compound” 
with the sodium salt of the alkylacetylene. Bourguel also reported re- 
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arrangements in which the triple bond was shifted more than one place 
in the chain, e,g., 

RfeC— C2H5 -f NaNHa RCHaCHafeCNaCNH,). 


However, these reactions did not give a quantitative yield of the re- 
arranged product, some of the original dialkylacetylene remaining even 
after prolonged treatment. 

By heating the monoalkylacetylenes with alcoholic potash Favorsky 
(^8) also effected a shift of the triple bond towards the center of the chain 
to produce the isomeric dialkylacetylenes or in a few cases allenic hydro- 
carbons, e.g., 

HCfeC— CjH. — — ^ CHj— feC— CH,. 

HC=C-CH(CH,)4 > HjC=C=C(CH,)2. 

He reported that dry alkalies do not promote this rearrangement, and pro" 
posed a mechanism consisting essentially in the addition of a hydrogen 
atom and an ethoxy group, followed by removal of the ethoxy group with 
a different hydrogen atom, e.g,, 

CH,CH,-CfeCH CH,— CHsC(OCjH5)=CHj 

CH,CH=C=CH2 — CH,CH=C(OC,H,)CH, CHaCfeC— CH,. 

Favorsky isolated the addition product, CH 3 C(OC 2 H 6 )=CH 2 , from 
methyl acetylene and alcoholic potash. Wislicenus and Schmidt (^9) 
reported that ethylacetylene was not completely rearranged in this way 
Guest (30) found that the monoalkylacetylenes were also in part iso- 
merized by heating over dry soda lime, and considered that the isomers 
were in equilibrium at higher temperatures and that the rearrangements 
were usually not complete. 

Slobodin (31) has noted a rearrangement of methylallene to ethyl- 
acetylene and of unsymmetrical dimethylallene to isopropylacetylene over 
Floridin at 215-334® and later (33) observed a partial reverse rearrange- 
ment of ethylacetylene under similar conditions. Hurd and Christ (33) 
noted that traces of allenic hydrocarbons were formed during the pyrolysis 
of alkynes. 

Acetylenic hydrocarbons prepared by these isomerization reactions are 
frequently impure and for the same reason acetylenes made by dehydro- 
halogenation with either alkali hydroxides or amides may be contaminated 
with isomeric hydrocarbons, especially at temperatures above about 160®. 
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3. The preparation of acetylenic carbinols and glycols and their ethers 
by the reactions of acetylides on aldehydes, ketones, olefin oxides, acetals, 
ketals and alpha-halo ethers. A large number of syntheses have been re- 
ported in which sodium or halomagnesium acetylides react with alde- 
hydes or ketones to yield the metal salts of acetylenic carbinols: 

HCfeCM + R— CO— R' RR'C(OM)CsCH. 

In like manner, acetylenic glycols have been formed either as by-products 
in the preparation of carbinols from acetylene or directly from the di- 
metallic derivatives of acetylene: 

XMgCfesCMgX + 2R— CO— R' RR'(XMgO)C— CfeC— C(OMgX)RR'. 



82 


THE CHEMISTRY OF ACETYLENE 


The reactions of the halomagnesium acetylides usually have been carried 
out in ether solution, and both ether and liquid ammonia have been 
employed as media for the reactions of the sodium compounds. Similar 
products also have been obtained in many instances by reactions in which 
the starting materials were acetylene and aldehydes or ketones in the 
presence of alkali amides, alcoholates or hydroxides, or acetylene and the 
metal enolates of aldehydes or ketones. In most of these reaction mixtures 
an equilibrium probably is set up involving the metal acetylide, the metal 
enolate, the acetylene and the carbonyl compound: 

MCfeCH -f RCH 2 COR HfeCH -f RCH=C(R)OM. 

The reaction leading to the formation of an acetylenic carbinol is probably 
an addition of the acetylide anion to the carbon atom of a carbonyl group : 

HfeC- -f R— CO— R — RRC(0-)C^CH. 

The formation of molecular acetylene and metal enolates in equilibrium 
accordingly may retard the reaction and it is perhaps significant that 
non-enolizable benzaldehyde and benzophenone give superior results. 
The acetylenic carbinols or glycols are recovered from these reaction mix- 
tures by cautious hydrolysis of the alcoholates. These reactions are 
analogous to the synthesis of cyanohydrines by the addition of alkali 
cyanides to aldehydes or ketones, and to the synthesis of alcohols by the 
reactions of alkyl or aryl Grignard reagents with aldehydes or ketones. 

By these methods formaldehyde yields primary alcohols, and the higher 
aldehydes yield secondary alcohols, while ketones give tertiary alcohols. 
It is also obvious that the higher aldehydes and the unsymmetrical ketones 
must produce carbinols with an asymmetric carbon atom as mixtures of 
dextro and levo forms. Similarly acetylene glycols derived from the 
higher aldehydes or unsymmetrical ketones have two asymmetric carbon 
atoms and consist of mixtures of the meso with dextro and levo or racemic 
forms. 

The first highly successful reaction of this type was reported by Nef {1) 
who employed the sodium derivative of phenylacetylene with a few ketones, 
and similar procedures were then applied to other monosubstituted acety- 
lenic hydrocarbons {2-4). 

The earlier attempts (4, 5) to prepare carbinols from sodium acetylide 
or carbide acting directly on aldehydes or ketones without a diluent gave 
very poor yields. The researches of Merling, as represented by the 
patents of the Farbenfabrik von F. Bayer & Co. {6) appear to have been 
the fiirst successful attempts to prepare acetylenic carbinols from acetylene 
and aldehydes or ketones by means of alkali-metal compounds. Acetalde- 
hyde, acetone, methyl ethyl ketone, diethyl ketone and cyclohexanone 
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yielded carbinols with acetylene in this way. Alternative methods 
patented included the action of sodium acetylide on aldehydes or ketones 
the action of acetylene on the sodium enolates, or the action of acetylene 
on the aldehydes or ketones in the presence of alkaline reagents such as 
sodamide or sodium alcoholates. The reactions were all performed in 
ether, usually at about 0°. Similar methods have been employed to 
prepare acetylenic carbinols from acetylene with methyl heptenone (7), 
acetone (8), isohexyl methyl ketone, nonyl methyl ketone, diisopropyl 
ketone, ditertiary-butyl ketone (P), methyl isopropyl ketone, methyl 
butyl ketone, methyl amyl ketone (10), methyl isobutyl ketone (10, 11), 
methyl butenyl ketone (12), acetophenone (11, 13), methyl isohexyl 
ketone (11), cyclohexanone (11, 14), acetaldehyde, propionaldehyde, 
butyraldehyde, phenylacetaldehyde, methyl ethyl ketone (IS) and iso- 
butyraldehyde (15), Favorsky (16) has patented the reaction of acetone 
with acetylene in the presence of various alkalies. In general, aldehydes 
were found to give poorer yields of acetylenic carbinols than did ketones. 
In many of these preparations it was reported that by-products were 
formed by condensation of the enolizable aldehydes or ketones in the 
alkaline media. 

Under some conditions acetylenic glycols are formed as by-products of 
the action of ketones on sodium acetylide. The production of glycols 
from sodium acetylide and ketones in an inert diluent at about 130° has 
been patented (17), It has also been noted by Hennion (private com- 
munication) that glycols may be formed from ketones and sodium acety- 
lide on prolonged contact in liquid ammonia at about —33°. McCallum 

(18) has patented the production of the acetylenic glycols by heating the 
sodium compounds of the acetylenic carbinols, causing the elimination 
of acetylene: 

2HfeC— CRaONa HfeCH -f NaORaC— feC— CR20Na. 

These methods have proved valuable as a tool for the synthesis of some 
complex unsaturated organic compounds. Thus Fischer and Lowenberg 

(19) reacted acetylene with sodamide and a ketone at two successive 
stages in the synthesis of phytol, and Ruzicka and Fischer (20) employed 
the method in the preparation of complex diterpene compounds. Ruzicka 
and Hofmann (21) obtained carbinols from potassium acetylide and 
<rans-androsterone and 5-^rans-anhydro androsterone. The Soc. pour 
rind. chim. k B&le (22) has patented a process for manufacturing an 
alcohol related to vitamin A in which the reaction of acetylene with sod- 
amide and a ketone is used at two successive stages. 

Perkin (23) employed the sodium salts of ethylene glycol monoalkyl 
ethers as alkalis in the reaction of acetylene with ketones. Dialkyl 
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ethers of glycol were used as solvents. Improved yields of acetylenic 
carbinols by the use of potassium tertiary butylate or amylate as an alkali 
with acetylene and ether solutions of beta-ionone or cyclohexanone have 
been reported 

One of the Merling patents mentions the use of liquid ammonia as a 
solvent for sodium acetylide in this reaction {6). Kreimeier {26) and 
McCallum {27) patented the reaction of sodium acetylide with aldehydes 
and ketones in liquid ammonia. It is claimed that the reactions are much 
more rapid than in ether, probably because the alkali compounds are 
more soluble in liquid ammonia than in ether or other organic media. 
It is further claimed that the alkali has a “cataljrtic’’ effect and that based 
on sodium, yields of 175 per cent of dimethylethinylcarbinol have been 
obtained. Similar effects of alkali had been reported previously in reac- 
tions of phenylacetylene. This probably indicates that the reactions 
continue as long as acetylide anions exist in equilibrium. Liquid ammonia 
has been employed as a medium for the extensive preparation of acetylenic 
carbinols in this laboratory {28). 

Another approach to the problem is indicated by Kazarian {29)^ who 
found that powdered calcium carbide with potassium hydroxide in ether 
acted on acetone to form first the acetylenic carbinol and later the acety- 
lenic glycol, and this technique has been adopted by a few other workers {SO). 

Jozitsch {SI) first appears to have made acetylenic halomagnesium 
compounds and to have used them in ether solution for syntheses of this 
type. His earliest research enployed the halomagnesium compounds of 
monosubstituted acetylenic hydrocarbons and later work {S2-S9) has 
shown that these reactions are perfectly general. As might be expected, 
the treatment of the halomagnesium compounds from acetylene (see Chap- 
ter II, Section 3) with aldehydes or ketones is complicated by the fact that 
either one or two carbinol groups may be introduced, depending upon the 
conditions of the reaction. In mixed products from acetylene the relative 
proportions of acetylenic carbinol, HC^C— C(OH)RR', and acetylenic 
glycol, R'R(OH)C — C^C(OH)RR', are thought to depend chiefly upon 
the proportions of the compounds HC^CMgX and XMgC^CMgX 
present in the acetylenic Grignard reagent, and these proportions are in 
part governed by regulation of the pressure of excess acetylene in solution 
(see Chapter II, Section 3). Control of the reaction for the exclusive intro- 
duction of a single carbinol group into acetylene has not been attained, 
and sodium acetylide appears to be a more suitable intermediate for 
this purpose. On the other hand acetylenic glycols have been obtained 
as almost the sole products of the reactions of aldehydes and ketones 
with the Grignard reagent prepared under conditions which favor the forma- 
tion of a high proportion of the bis-halomagnesium compound of acetylene. 
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This procedure is accordingly well adapted to the production of sym- 
metrical acetylenic glycols according to the equation 
XMgfeCMgX -h 2R— CO— R' 

RR'(XMgO)C— feC— C(OMgX)RR' — R'R(OH)C— CfeC— C(OH)RR' 

+ MgX, + MgO_ 

Jozitsch (3^) carried out the first syntheses of this type, employing the 
bis-bromomagnesium compound of acetylene with acetone, pinacolone 
methylcyclohexanone, menthone, carvone, chloral, isobutyraldehyde and 
cinnamic aldehyde and obtained the glycols, but apparently he was un- 
able to isolate the stereoisomeric forms. Later he employed acetalde- 
hyde and methylethylketone, pinacolone, methylcyclohexanone and 
benzaldehyde. He also obtained mixtures of the carbinol with the glycol 
by passing acetylene into the ether solution of a bromomagnesium com- 
pound of acetylene during reactions with trioxymethylene, methylcyclo- 
hexanone, menthone and oenanthylic aldehyde. Jozitsch also prepared 
acetylenic glycols from the bis-iodomagnesium compound of acetylene 
by reaction with bromal, anisic aldehyde, diethyl ketone, methyl butyl 
ketone, diisopropyl ketone, methyl hexyl ketone, isobutyl <er^.-butyl 
ketone, acetophenone, suberone, cyclohexanone, camphor and chloral 
Zal’kind and Teterin (40) have reported the preparation of unsymmetrical 
acetylenic glycols by the action of a mixture of an aldehyde and a ketone 
on the dibromomagnesium compound of acetylene. Lespieau and Lom- 
bard ( 41 ) obtained principally the carbinols on reaction of the bromo- 
magnesium compound from acetylene with acrolein and crotonaldehyde. 
Teterin and Ivanov (43) suggest that carbinols prepared from acetylene 
may be identified by converting their halomagnesium compounds to 
glycols by reaction with benzophenone and determining the melting 
point of the glycol. 

Some interesting types of acetylenic hydrocarbons have been prepared 
from the acetylenic carbinols and glycols derived from aldehydes or 
ketones. By several methods of dehydration these acetylenic carbinols 
have been found to yield enynes (43-4S) while acetylenic gamma-glycols 
yielded dienynes (46-48) • 
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Tchao Yin Lai {49) has converted a few acetylenic carbinols into carbinyl 
bromides by the action of phosphorus tribromide, and from these has 
prepared gamma-diacetylenes by reaction with sodium or magnesium 
metal, as well as beta-diacetylenes by reaction with sodium compounds of 
alkylacetylenes. Campbell and co-workers {50) have converted acety- 
lenic tertiary carbinols to the carbinyl chlorides by the action of hydrogen 
chloride. The carbinyl chlorides on treatment with alkyl Grignard re- 
agents were found to yield tertiary alkyl acetylenes. 

RfeC— CR 2 CI -h RMgX RfeC— CR 3 -h MgXCl. 

Dupont {51) oxidized to ketones a few acetylenic glycols of the type 
HORHC — C^C — CHROH in which R was aryl. 

The reaction of alpha-halo ethers with acetylides leads to the preparation 
of ethers of acetylenic carbinols and glycols. Gautier {52) first reported 
the synthesis of ethers of acetylenic glycols by the reaction of acetylene 
dimagnesium bromide with alpha-halo ethers according to the equation : 

2RO— CCIHR' 4- XMgfeCMgX -> RO— CHR'— feC— CHR'— OR + 2MgXCl 

Methyl chloromethyl ether, ethyl chloromethyl ether, propyl chloromethyl 
ether, isoamyl chloromethyl ether and methyl alpha-chloroethyl ether were 
used. This reaction also has been applied to the halomagnesium com- 
pounds of several monosubstituted acetylenes {53-55). 

Acetylenic halomagnesium compounds were found to react with a few 
acetals to yield similar ethers {56). 

The preparation of acetylenic carbinols from acetylenic Grignard' re- 
agents and alkylene oxides was first reported by Jozitsch {57), who pre- 
pared 3-pentyn-l-ol from methylacetylene and ethylene oxide. The reac- 
tion was extended by Faucounau {58), Danehy, Vogt and Nieuwland {59) 
and Bachman {60). The carbinols so prepared are all of the type 
R — C^C — CH 2 CH 2 OH and were prepared in each case from ethylene 
oxide in anhydrous ether. 

Kreimeier {61) has reported the preparation of alkynyl carbinols and 
glycols by reacting sodium acetylide with ethylene and propylene oxides 
in liquid ammonia. 

NaC^CH -h CH2-~CH2 NaOCHjCHaC^CH. 

\/ 

o 

It is claimed that the method applies equally well with various alkylene 
oxides and acetylides of monosubstituted acetylenes. 

Ri Rt Ri Rs 

\ / II 

R_CsC_M + c C — R— CsC— C— C— OM. 

/\/\ 

R2 0 R4 


R2 R4 
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A similar reaction had been applied previously to the halomagnesium 
compounds of several alkylacetylenes (57--60). 
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4. Th6 preparation of acetylene mono- and dicarboxylic acids by the 
reaction of acetylides with carbon dioxide. The sodium salts *derived from 
monosubstituted acetylenic hydrocarbons long have been known to yield 
salts of acetylenic carboxylic acids on treatment with carbon dioxide (1-6 ) : 

RCsCNa *4" CO* •— ♦ RCxsC—COON a • 
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This reaction was later applied to sodium acetylide by Skossarevsky (7), 
who treated this substance with carbon dioxide under 50-60 atm pressure 
and obtained propiolic acid in 75 per cent yield: HC^CNa + CO 2 
HC=C— CbONa. 

Jozitsch (8) carbonated acetylene dimagnesium bromide in ether and 
prepared acetylene dicarboxylic acid, XMgC=CMgX + 2 CO 2 
XMgOOC— C^C— COOMgX. Oddo (9) and Tcheou Faki (10) made 
propiolic acid by the action of carbon dioxide on acetylene monomagnesium 
bromide. Halomagnesium derivatives of monosubstituted acetylenes also 
have been used for the preparation of homologs of propiolic acid (11-13). 
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6. The preparation of diacetylenes from certain acetylides. It long has 

been known that cuprous acetylides derived from monosubstituted acety- 
lenic hydrocarbons could be converted to diacetylenic compounds by the 
action of specific oxidizing agents such as oxygen, potassium ferricyanide 
and a number of -ic salts, notably cupric chloride and bromide (1-9) : 

2RC^C— Cu + 02 -^ RfeC— CfeCR -f 2CuO. 

In general it appears that any reaction which might be expected to give a 
oupric acetylide invariably produces a diacetylene, and in this respect the 
eupric acetylides resemble cupric cyanide, which readily yields dicyanogen. 
It is probable that reactions directed toward the preparation of acetylides 
of some other metals result in similar decompositions. Halomagnesium 
Acetylides of several monosubstituted acetylenes also have been found to 
yield diacetylenes by reaction with oxygen, -ic salts, nitrobenzene or a 
limited quantity of iodine ( 10 - 14 ). 
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Attempts to apply these reactions to acetylene have not been very 
successful. A part of the difficulty probably lies in the tendency of copper 
and the halomagnesium group to replace both hydrogen atoms of acetylene 
and as a consequence the diacetylene appears to be produced in mixture 
with polyacetylenes and carbonaceous material. Noyes and Tucker {16) 
obtained small quantities of diacetylene, HC=C — C=CH, isolated as the 
hexabromide, on treatment of cuprous acetylide with cupric chloride. 
Straus and Kollek {16) also made diacetylene in a similar manner. 
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6. The preparation of haloacetylenes by the reaction of acetylides or of 
acetylene in alkaline media with halogens or halogen compounds. The 

halogens and various compounds of a halogen with an electronegative 
group react with acetylides to yield haloacetylenes. Iodine has commonly 
been employed with the metallo substitution products of acetylene, because 
the corresponding chloro and bromo derivatives are poisonous, explosive 
and spontaneously inflammable gases. Regardless of whether one or both 
hydrogen atoms of the acetylene molecule are replaced by a metal, halogen 
atoms occupy both positions in the product: 

MfeCM + 2X, XteCX + 2MX. 

HfeCM + 2 X 2 + MOH XC^CX + 2MX + H,0. 

These reactions are so characteristic of all acetylides that the best test 
for acetylide structure in a metallo derivative of acetylene appears to be 
treatment with iodine and recognition of the disagreeable odor of diiodo- 
acetylene. As early as 1864 Berend {1, £) showed that diiodoacetylene 
could be obtained by shaking silver acetylide with an ether solution of 
iodine. Biltz (^) reported that diiodoacetylene mixed with the tetraiodo- 
ethylene resulted from the action of iodine potassium iodide solution on 



SUBSTITUTION REACTIONS 


91 


calcium carbide. Jozitsch (4) used iodine directly with acetylene di- 
magn'esium bromide and obtained diiodoacetylene. Sodium acetylide in 
liquid ammonia also reacts with iodine to give diiodoacetylene (5). 

Acetylene has been found to react with halogens and certain halogen 
compounds in alkaline media to yield dihaloacetylenes. It appears 
possible that this is a reaction of the small proportion of acetylide ion 
which seems to exist in equilibrium in aqueous alkaline solutions. In 
these cases also both hydrogen atoms of acetylene are replaced, and it thus 
appears that replacement of one hydrogen atom of acetylene by halogen 
makes the other hydrogen atom more easily replaceable. Biltz and 
Kuppers (6) observed the formation of diiodoacetylene on passing acety- 
lene into cold aqueous potassium hydroxide solution to which iodine 
potassium iodide solution was added slowly. Dehn (7) prepared diiodo- 
acetylene by passing acetylene into potassium iodide solution to which 
sodium hypochlorite or hypobromite was added. Dussol (8) prepared 
the same compound by the electrolysis of sodium or potassium iodide into 
which acetylene was passed. The hypohalite synthesis of dihaloacety- 
lenes was studied recently by Straus and Kollek (9). The general reaction 
may be written as HC=CH + 2NaOX XC^CX + 2NaOH, and X 
may be chlorine, bromine or iodine. These investigators stress the neces- 
sity for an alkaline solution; using 0,5-0.7N hypohalite solution it was 
found well to employ four or more mols of free alkali. There is marked 
variation in the velocity of reaction of the three hypohalites. For half 
transformation hypochlorites require about ten times as long as hypo- 
bromites. Hypoiodites react almost instantly. Diiodoacetylene also 
results from the slow action of iodine on acetylene in liquid ammonia (J). 

Monoiodoacetylene may be prepared from acetylene by an indirect 
procedure. Propiolic acid, produced from an acetylide and carbon dioxide, 
is treated with iodine in alkaline solution to yield iodopropiolic acid, 
I — C=C — COOH, and this substance is then decarboxylated to mono- 
iodoacetylene (10). 

Knowledge of the principles governing halogen substitution reactions 
of this type has been greatly extended by the general applications of these 
reactions to monosubstituted acetylenes. Early investigators 11, 12) 
employed iodine with silver acetylides to make the iodoacetylenes. Grig- 
nard and co-workers (13-15) made the bromo and iodo compounds by the 
action of cyanogen bromide or cyanogen iodide on the halomagnesium 
acetylides. 

* RC=CMgX 4- BrCN RfeCBr + MgXCN 

Under the same conditions cyanogen chloride yielded cyanoacetylenes 
rather than chloroacetylenes. Bourguel and Truchet (16) made chloro- 
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acetylenes of this type by the action of benzene sulfonyl chloride on the 
sodium salts of the monosubstituted acetylenes. 

RfeCNa + CcHftSOaCl RfeCCl + CeHaSOaNa 

Iodine in liquid ammonia yields iodoacetylenes readily by reaction with 
phenylacetylene and vinylacetylene, but reacts very slowly with alkylacety- 
lenes. The sodium salts of alkylacetylenes react rapidly with iodine in 
liquid ammonia to yield the alkyliodoacetylenes (17). McCusker and 
Vogt (18) recommended the action of bromine on alkynyl magnesium 
bromides in ether at —32° to produce alkylbromoacetylenes, and the 
action of chlorine on potassium alkyl acetylides in ether at — 70° to produce 
alkylchloroacetylenes. Strauss, Kollek, and Hauptmann (19) have studied 
the preparation of dihalo diacetylenes by the action of hypohalites on the 
hydrocarbons. 
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7. Some further substitution reactions of the monosubstituted deriva* 
tives of acetylene. A number of reactions leading to symmetrical disubsti- 
tution products of acetylene have been noted in the preceding sections. 
Numerous substitution reactions of the alkylacetylenes have also been 
cited to supply analogy and historical background for similar reactions of 
acetylene. In addition to these, several other types of substances have 
been or may be prepared by the introduction of a second substituent into 
the monosubstituted derivatives previously described, and it is the purpose 
of this section to note the more important processes of this kind. 
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Moureau and Delange (1) and Andre (2) obtained acetylenic ketones 
by the action of acyl halides on the sodium salts of alkylacetylenes. 

RfeCNa + R'COX RfeC— COR + NaX 

Acetic anhydride also was found to react in a similar manner with the 
halomagnesium compounds of alkylacetylenes (3). The action of sodium 
alkyl acetylides on ethyl formate yielded acetylenic aldehydes (4), and 
with orthoformic ester gave acetylenic acetals (5). 

RC^CNa 4- HCOOR' RC^C— CHO 4- NaOR' 

RC^CNa 4- HC(0R')3 — RC^C— CH(OR ')2 4- NaOR' 

When an acetylenic ketone is formed in the presence of an excess of an 
acetylenic halomagnesium compound, a diacetylenic carbinol is formed in a 
second stage of reaction (6-13): 

RC^CMgX -f RC^C— COR' (RC^O^R'COMgX. 

Acetylides derived from alkylacetylenes also react with carbonic esters or 
haloformic esters to yield esters of alkylacetylene carboxylic acids as 
primary products (14-16). Successive stages of the reaction employing 
an excess of the acetylide may produce diacetylenic ketones or triacetylenic 
carbinols ( 14 , 17, 18). 

RC^CM 4- 0C(0R')2 RC^C— COOR' 4- MOR. 

RC^CM + XCOOR' RC^C— COOR' 4- MX. 

RC^CM 4- RC^C— COOR' -> (RC^OjCO 4 MOR'. 

RC^CM 4 (RC^OzCO (RC^OaCOM. 

Diacetylene dicarboxylic acid was obtained by Baeyer upon oxidizing 
the cuprous compound of sodium propiolate with potassium ferricyanide 
(19). By similar oxidations Lespieau obtained the compounds (HOCH 2 — 
C=C — )2 and its dimethyl ether (20). He also prepared the compound 
IC=C — CH 2 OH by the action of iodine on the corresponding cuprous 
acetylide compound. Few other substances of these types appear to have 
been made. Examples involving a number of other possible combinations 
of two substituents linked to acetylenic carbon atoms have not been 
reported; these include carbinol carboxylic acids, carbinol keto compounds, 
keto halogen compounds, and their derivatives. 
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Chapter IV 

The Addition of Non-Metallic Elements and Compounds 

to Acetylene 


1. Types of addition reactions. This chapter deals with those reactions 
of acetylene in which the triple bond is destroyed by the addition of non- 
metallic elements other than carbon, or of compounds of those elements. 
The addition of metals and their compounds has been discussed in Chapter 
II, and the reactions in which the triple bond is destroyed with formation 
of new carbon-to-carbon linkages are described as condensation and poly- 
merization reactions in Chapter V. The substances capable of addition 
to acetylene include hydrogen, the halogens, oxygen, sulfur, nitrogen and 
many compounds in which these elements are linked. Water and hy- 
droxyl compounds comprise a particularly important group of addenda. 
An addition reaction may convert acetylene to either an olefinic or a 
saturated compound or may result in the cleavage of the acetylene mole- 
cule as in the high-temperature addition of nitrogen, oxygen or sulfur. 

2. The hydrogenation of acetylene. Acetylene may be hydrogenated, 
either by hydrogenating reagents or by molecular hydrogen in the pres- 
ence of catalysts, to yield ethylene and ethane. This reaction is often 
associated with condensation reactions, which produce mixtures of higher 
saturated, olefinic or cyclic hydrocarbons. Increased quantities of these 
substances are formed at higher temperatures, or when the heat of the exo- 
thermic reaction is not dissipated. Since acetylene is usually more valu- 
able than any of the products, the hydrogenation of concentrated acetylene 
is of no commercial importance under normal economic conditions. How-^ 
ever, the catalytic treatment of pyrolytic hydrogen-acetylene mixtures 
has been investigated as an emergency source of ethylene and fuel oils. 

The non-catal 3 d;ic hydrogenation of acetylene has not been studied 
extensively. Berthelot (1) reported the reduction of acetylene to ethylene 
by the action of an ammoniacal solution of chromous chloride, and Traube 
(^) patented methods for carrying out a similar reaction in acid solutions. 
Traube and Passarge (3) observed that acetylene was converted to ethylene 
by zinc and hydrochloric acid in the presence of chromium salts. The 
reaction of acetylene with sodium in liquid ammonia solution has been 
found to be attended by more or less hydrogenation. Billitzer (4) stated 
that electrolytic reduction of acetylene in water solution at a platinum 
electrode gave ethylene and, at higher current densities, ethane. Feuchter 
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(S) observed that acetylene was absorbed by a fused mixture of metallic 
sodium with sodium and potassium hydroxides, and that ethane was 
evolved during hydrolysis of the product. Pring and Fairlie {6) investi- 
gated the reaction of acetylene with hydrogen in an electrically heated 
porcelain tube above 700°. Taylor and Van Hook (7) have investigated 
the kinetics of direct combination of acetylene with hydrogen at 495-535°. 

As catalysts for the hydrogenation of acetylene platinum, palladium, 
nickel, cobalt, iron, copper and their alloys have been employed. The 
effectiveness of a catalyst has been found to depend partly upon the specific 
metal present and partly upon its physical condition. The less effective 
catalysts usually necessitate a higher temperature, which tends to increase 
the formation of condensation products. The ratio of ethylene to ethane 
formed is also influenced to some extent by the catalyst, as well as by the 
ratio of hydrogen to acetylene. 

Platinum black at ordinary temperature was observed by de Wilde (8) 
to catalyze the hydrogenation of acetylene to ethane, which contained 
some ethylene unless an excess of hydrogen was used. Sabatier and Sen- 
derens (9) found that the hydrogenation of acetylene at 180° over platinum 
sponge yielded ethane and liquid hydrocarbons. Paal and co-workers {10) 
observed that acetylene and hydrogen reacted in the presence of palladium 
hydrosol to give good yields of ethylene; but when platinum hydrosol was 
used, some ethane was formed. Fischer and Knorr {11) investigated the 
hydrogenation of acetylene at the surface of a palladium wire. Morris 
and Reyerson {12) made a study of the catalytic action of various metals 
deposited on silica gel. They found that both ethylene and ethane were 
formed in proportions which varied with the catalyst and the ratio of hydro- 
gen to acetylene. Palladium on silica gel was reported to be an effective 
catalyst at 50°, platinum at 100° and copper at 200°. Similar catalysts 
have been investigated by Yoshikawa {13). 

Finely divided nickel has been extensively used as a catalyst for the 
hydrogenation of acetylene both in the gas phase and in a liquid medium. 
Sabatier and Senderens { 14 ) employed freshly reduced nickel and obtained 
both ethylene and ethane, depending upon the ratio of the entering gases. 
Heat was evolved and some higher hydrocarbons were formed. The 
reaction may be controlled to give good yields of ethylene. Thus Ross, 
Culbertson and Parsons {16) found that an 80 per cent yield of ethylene 
was obtained when a mixture of 47 volume-per cent acetylene and 51 
volume-per cent of hydrogen was passed over freshly reduced nickel, from 
which all hydrogen had been removed. Larger proportions of hydrogen 
led to the formation of more ethane. According to patents of Sauerwein 
(fff), steam inhibits the formation of oily polymerization products when 
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nickel or other catalytic metals are used. Yoshikawa (13) has studied the 
effects of temperature and dispersion of a nickel catalyst on kieselguhr 
on the rate of hydrogenation of acetylene. Pichler (17) found that at 
55° with a nickel-molybdenum catalyst ethylene was obtained almost 
exclusively from a pyrolytic mixture of acetylene with a large excess of 
hydrogen, but at 70° equal parts of ethylene and ethane were formed. 
Ackermann (18) studied the production of ethylene from acetylene and a 
large excess of hydrogen over nickel and cobalt catalysts and also in liquid 
media. Dupont (19) has shown that acetylene can be hydrogenated over 
Raney nickel in the cold to give ethylene and ethane. There was no sharp 
break in the velocity of the reaction after the first two hydrogen atoms had 
been added. Raney nickel was also found to have a polymerizing effect 
on acetylene. Fischer and Peters (W) reported that hydrogenation of 
acetylene by reduced nickel in liquid media permitted better control of 
temperature. 

Reduced copper and copper deposited on silica gel were found by Saba- 
tier and Senderens (21) and Morris and Reyerson (12) to be less active 
catalysts than nickel, and to require higher temperatures (130 to 200°) 
to be effective. The hydrogenation of acetylene with a copper catalyst 
has been reported also by Wilde (<^). 

Other catalysts have been proposed for the hydrogenation of acetylene. 
According to Sabatier and Senderens (22) iron is less effective than copper. 
The use of aluminum, cerium, cerium oxide and tellurium as catalysts has 
been patented (23). Caro (2Jt) patented palladium-nickel and other mixed 
catalysts for the hydrogenation of acetylene. Pichler (17) investigated the 
use of nickel-molybdenum and nickel-iron alloys and also of cobalt, iron 
and molybdenum as catalysts. Jaeger (26) proposed a contact mass con- 
taining nickel, copper or manganese. 

Similar catalysts have been used for the condensation and hydrogenation 
of acetylene to liquid products, usually at higher temperatures or pres- 
sures. Sabatier and Senderens (IJf, 21 ^ 22) reported the formation of vari- 
ous proportions of liquid products during the hydrogenation of acetylene. 
Oda (26) observed a liquid product from acetylene and hydrogen at 25-35° 
with a mercury-nickel catalyst. An apparatus suitable for the hydrogena- 
tion and condensation of acetylene to liquid hydrocarbons has been pat- 
ented (27). In Germany an extensive series of experiments has been 
carried out covering the conversion to liquid hydrocarbons of acetylene- 
hydrogen mixtures and dilute acetylene from the pyrolysis of methane or 
coke-oven gas (28). A wide variety of metal catalysts was investigated. 
Kwal (29) claimed the production of a good grade of motor fuel from 
acetylene and hydrogen with a catalyst composed of active charcoal and 
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copper oxide. Petrov and Antzus {SO) obtained a liquid product with a 
boiling range of 20-180° by the hydrogenation of acetylene under pressure 
with a reduced nickel catalyst. 

Bonhoeffer and Hartek observed that acetylene remained practically 
unchanged by monatomic hydrogen {SI). 

The work on hydrogenation of the substitution products of acetylene is 
of considerable interest as a means of preparing cis and trans olefinic and 
saturated compounds, but is far too extensive to be cited in this work. 
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3. The addition of hydrogen halides to acetylenes. A catalyst or con- 
ditions of increased temperature or pressure have usually been found ad- 
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vantageous for promoting the addition of gaseous hydrogen halides to 
acetylene. A vinyl halide is formed by the first stage of the reaction, and 
the addition of the second equivalent of hydrogen halide results in the 
formation of an ethylidene dihalide, except when hydrogen bromide reacts 
in the presence of certain catalysts or oxidizing substances to produce the 
isomeric ethylene dibromide. As a practical application the manufacture 
of vinyl chloride from acetylene and hydrogen chloride has been proposed, 
but this product can at present be prepared more cheaply from ethylene 
derived from cracking processes. 

The reactions of aqueous halogen acids with acetylene were studied by 
a few of the earlier workers, and more recently the catalyzed addition of 
aqueous acids has been accomplished. Berthelot (1) reported the slow 
addition of concentrated hydriodic acid to acetylene at ordinary tempera- 
tures, and stated (2) that vinyl iodide was first formed, and that ethylidene 
diiodide resulted after prolonged contact with concentrated acid. Ber- 
thelot (J y 2) and Reboul {S) also found that aqueous hydrobromic acid 
reacted with acetylene at to form vinyl bromide. The addition of 
hydrogen chloride to acetylene was found to be more difficult. Sabanejev 
(4) noted the formation of ethylidene dichloride when concentrated hy- 
drochloric acid acted on cuprous acetylide. The use of mercuric salts as 
catalysts for the addition of hydrogen halides to acetylene in aqueous or 
other media or in vapor phase has been patented (J). Plauson and Vielle 
(d, 7) claimed the preparation of vinyl chloride by the action of hydro- 
chloric acid on calcium carbide in the presence of compounds of mercury, 
copper, zinc, aluminum or tin. Ostromislensky {8) reported that mercuric 
chloride catalyzed the addition of hydrogen chloride to acetylene in aqueous 
solution. Nieuwland and Foohey {9) and Perkins {10) employed cuprous 
chloride to promote the formation of vinyl chloride from aqueous hydro- 
chloric acid and acetylene. Kozlov {11) has reported a similar method of 
preparing both vinyl chloride and vinyl bromide. The effects of concen- 
tration of the components of the cuprous chloride solution, temperature of 
reaction, and other factors in the addition of hydrogen chloride have been 
studied (12), 

Toussaint (13) patented the preparation of vinyl chloride from a mixture 
of acetylene and dry hydrogen chloride passed through a solution or sus- 
pension of mercuric chloride in stannic chloride at about 55®. 

The preparation of vinyl halides by the addition of hydrogen halides to 
acetylene in the gas phase has been the subject of a number of patents. 
Plauson and Vielle (6, 7) patented the preparation of vinyl halides from 
acetylene and hydrogen halides heated at 100-120® under a pressure of 
one to two atmospheres for several hours. Bauer (14) promoted the 
reaction by the use of actinic rays at a temperature near 0®. Active 



100 


THE CHEMISTRY OF ACETYLENE 


charcoal alone or mixed with metal halides {16) has been employed as a 
catalyst at about 180°. Other patents {16) claim the catalytic production 
of vinyl halides from acetylene and hydrogen halides in contact with mix- 
tures of several metal halides deposited on active carbon or silica gel at 
temperatures from 120-350°. A carbon catalyst which had been pre- 
treated with the hydrogen halide at 200-600° has also been used {17), 
Wibaut and von Dalfsen {18^ 19) stated that mercuric chloride on silica 
gel was the best catalyst for the addition of gaseous hydrogen chloride to 
acetylene, and that bismuth, zinc and ferric chlorides were effective in 
decreasing order. 

The addition of two equivalents of hydrogen chloride or hydrogen iodide 
to one of acetylene usually appears to yield almost exclusively the ethyli- 
dene dihalide. The addition of two equivalents of hydrogen bromide to 
one equivalent of acetylene yields mixtures of ethylene dibromide and 
ethylidene dibromide, in proportions which depend on the nature of the 
catalyst. One group of patents {6) claims that only ethylidene dibromide 
was produced in the presence of mercuric bromide on porous packing ma- 
terial at 200° but this claim was not confirmed by Wibaut {20), Bauer 
{14) claimed the preparation of ethylene dibromide from acetylene and 
hydrogen bromide when exposed to actinic rays at 0°, and later {21) 
patented the formation of ethylene dihalides, employing air, oxygen, ozon- 
ized oxygen, nitrogen dioxide or formic acid vapor as catalysts. Wibaut 
{20) reported that the addition of two equivalents of hydrogen bromide to 
acetylene with mercuric bromide on asbestos as a catalyst yielded a mix- 
ture containing 80-90 per cent of ethylidene dibromide, and that bismuth 
bromide, antimony tribromide, aluminum bromide and ferric bromide as 
catalysts gave a larger proportion of ethylene dibromide. Wibaut and 
von Dalfsen {18, 19) found that ethylidene dichloride was the principal 
product when two equivalents of hydrogen chloride were added to acety- 
lene in the presence of mercuric chloride on silica gel, and that zinc chloride, 
bismuth chloride and ferric chloride were less effective catalysts. 

The preparation of 1 ,1 ,2-trichloroethane by the addition of hydrogen 
chloride and chlorine to acetylene in the gas phase has been patented {22). 
Various packing materials were used such as coke or silica, and these were 
usually impregnated with metal halides, mercuric chloride being particu- 
larly effective. 

A patent has been issued for the addition of dry hydrogen fluoride to 
acetylene in the presence of mercuric oxide on active carbon as a 
catalyst {23). 
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4. The addition of halogens and h 3 rpohalites to acetylene. The chlo- 
rination of acetylene may be controlled by regulation of the conditions of 
reaction and the proportions of the reactants to yield either a mixture of 
the CIS and tram dichloro- addition compounds, the tetrachloro- addition 
compound, or a mixture of these wdth their chloro-substituted derivatives. 
At moderate temperatures the reaction appears to be the simple addition 
of successive pairs of chlorine atoms to the unsaturated carbon atoms: 

C 2 H 2 -f CI 2 CIHC « CHCl. 

CIHC « CHCl -f CI 2 ChHC— CHCI 2 . 

Tetrachloroethane is manufactured in this way on a large scale, and much 
of it is converted to trichloroethylene by the removal of hydrogen chloride. 
At higher temperatures jsubstitution by chlorine as well as desaturation 
reactions may take place. 
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In the absence of catalytic substances gaseous chlorine does not appear 
to react appreciably with acetylene in darkness and at ordinary tempera- 
ture and pressure. However, the reaction is both highly exothermic and 
is accelerated by heat and pressure, so that explosion may occur when reac- 
tion is suddenly initiated in a mixture of the gases. These facts were noted 
by early investigators (I, 2, 3). The commercial methods accordingly 
comprise means of initiating and smoothly maintaining the reaction by 
use of light, heat or catalysts, and means of controlling the reaction and 
preventing explosion by the use of solvents, gaseous diluents or solid pack- 
ing material. Methods for promoting the chlorination will be discussed 
first. 

The effect of light in initiating the reaction of chlorine with acetylene 
in the gaseous phase was noted by the earliest workers in this field. Ber- 
thelot (1) and Schlegel (4) observed that little or no reaction occurred 
between the gases in the dark and at room temperature, but that the 
mixture usually exploded when illuminated. Nieuwland (5) reported 
that gaseous chlorine united quietly with acetylene at a temperature near 
0° in diffuse daylight without the aid of catalysts. Lidholm (6) found 
that acetylene tetrachloride could be formed smoothly and in good yield 
when the reaction was promoted by light of the proper wave length and 
constant intensity in the absence of catalysts. Peters and Neumann (7) 
investigated the photochemical chlorination of acetylene at low pressure 
and in the presence of gaseous diluents. For the manufacture of the chlo- 
rination products from acetylene, however, it has usually been considered 
most convenient to employ catalysts rather than illumination. 

Increased temperature and pressure are known to promote the reaction 
of chlorine with acetylene, although they also increase the danger of ex- 
plosion unless the partial pressure of acetylene is reduced. A number of 
patents in this field specify temperatures suitable to a particular catalyst 
and means of control. High temperatures under some conditions seem to 
favor the formation of chloro-substitution products by the replacement of 
hydrogen or the elimination of hydrogen chloride. For example, Nieuw- 
land (5) detected hexachloroethane among the products when acetylene 
and chlorine were passed into a tube above 100° in the absence of catalysts; 
Suknevitch and Khomutin (8) reported the formation of hexachloroe- 
thane above 100° in contact with an iron catalyst; and Roka {9) claimed 
the preparation of a mixture of trichloroethylene with the normal chloro- 
addition products of acetylene when steam was used as a diluent at 600° 
in contact with refractory clay. At the temperature of explosive reac- 
tion, free carbon and hydrogen chloride and sometimes hexachloroethane 
are formed, as reported by Nieuwland (5). 

Among the substances which have been thought to catalyze the reaction 
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of chlorine with acetylene are certain impurities which are sometimes found 
in acetylene. Mouneyrat {10) stated that chlorine added smoothly to 
oxygen-free acetylene in diffuse daylight in the presence of a chlorinated 
solvent, but upon the admission of a small amount of air the reaction in the 
gas phase was accelerated to the point of explosion. Tako {11) stated 
that oxygen-free acetylene united quietly with gaseous chlorine even at 
100° in direct sunlight, whereas the presence of a trace of air caused ex- 
plosion. Under other conditions Nieuwland {6) reported that a stream of 
about equal volumes of chlorine and acetylene reacted quietly in diffuse 
daylight at 0. 1-0.2°, even when the reaction tube was open to the air. 
Romer {12) attributed the explosive reaction of chlorine with certain 
samples of acetylene to the presence of diacetylene, which may have been 
present in the gas as formerly prepared from copper acetylide. Berthelot 
{13) also suggested that a trace of chloroacetylene might initiate explosive 
chlorinations, and this substance may have been present when acetylene 
was prepared by certain dehydrohalogenation reactions. Of these sub- 
stances only oxygen probably occurs in acetylene as at present prepared, 
and no modern studies of the effect of oxygen in chlorination appear to have 
been published. 

Antimony pentachloride was the first chlorinating agent to be employed 
in this reaction. Berthelot and Jungfleisch {14) reported that the addition 
compound C 2 H 2 *SbCl 6 decomposed to give antimony trichloride and acet- 
ylene dichloride when heated alone, or to give acetylene tetrachloride when 
heated with excess antimony pentachloride. A number of methods have 
been devised for using this addition compound as a catalytic intermediate 
in the production of symmetrical tetrachloroethane (5, 15, 17), The 
methods consisted in the alternate introduction of acetylene and chlorine 
into a solution of antimony pentachloride in tetrachloroethane, operating 
in a way to avoid gas-phase reaction and consequent explosion hazards. 
According to Chavanne {18), antimony pentachloride has also been em- 
ployed in the addition of two atoms of chlorine per molecule of acetylene, 
yielding approximately equal quantities of cis- and ^mns-dichloroethylene. 
The use of antimony chlorides in the commercial chlorination of acetylene 
has been discussed in several reviews {19, 20), 

Iron and various iron compounds have been employed extensively as 
promoters in commercial processes for the chlorination of acetylene. In 
all these cases it is probable that ferric chloride is the active agent. Nu- 
merous patents {11, 21-26) have described methods for the chlorination 
of acetylene, at moderate temperatures in the presence of iron salts or a 
packing composed of metallic iron or an iron alloy. Processes of this 
type have also been described frequently in review articles {8, 20, 27). The 
catalyst may be suspended in a chlorinated liquid, such as tetrachloro- 
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ethane, or may be packed in a reaction tower through which the gases 
pass upward while the liquid products flow downward. In all processes 
employing a temperature below the boiling point of the product, it is prob- 
able that the reaction occurs chiefly in the liquid surrounding the catalyst. 
Both 1,2-dichloroethylene and tetrachloroethane have been made in this 
way depending chiefly upon the ratio of chlorine to acetylene. The opti- 
mum temperature for the preparation of tetrachloroethane without sub- 
stitution reaction is said to be 60-75°, and 3delds of 90 per cent or higher 
have been claimed. 

The chlorination of acetylene at higher temperatures (350-500°) in 
contact with chlorides or iron, copper or calcium has been patented {9), 
Superheated steam was used as a diluent to prevent the polymerization 
and explosive chlorination of the acetylene, and the mixed product con- 
tained a large proportion of trichloroethylene. 

In contact with activated charcoal at about 40° the addition of chlorine 
is said to take place smoothly, giving the di- or tetrachloride, depending 
upon the ratio of the reactants {28). Other methods employing active 
charcoal as a catalyst have been patented {29). Silica gel also has been 
suggested for this purpose {SO). 

Several other catalysts have been suggested for the chlorination of acet- 
ylene, Cupric chloride was used for this purpose {SI) and catalysts 
containing aluminum have been described (^7, S2y SS). With sulfur mono- 
chloride and iron as a catalyst, tetrachloroethane was formed at a low 
temperature, and when the mixture was heated to boiling, hexachloro- 
ethane was obtained {S4). Maze {S6) patented the reaction of chlorine 
with acetylene in a solution of alkali hydroxides or carbonates. 

Promotion and control of the chlorination of acetylene by the use of 
chlorinated solvents appears first to have been applied by Mouneyrat {10), 
who employed 1 , 2-dichloroethane and carbon tetrachloride for this pur- 
pose. Nieuwland {6) used the end product, tetrachloroethane. Tetra- 
chloroethane has been adopted most frequently as a solvent in the commer- 
cial chlorination of acetylene; it serves to facilitate external cooling of the 
apparatus and in some cases to hold catalytic material in solution or sus- 
pension. Patents describe the addition of tetrachloroethane at the top 
of a reaction tower packed with an iron catalyst {26, SO) and passage of 
acetylene and chlorine through tetrachloroethane containing a catalyst 
such as ferric chloride {S6). A similar method has been described by 
Favorsky and by Suknevitch and Khomutin {8). In other cases the tetra- 
chloroethane formed in the reaction apparently serves the same purpose. 

In the gas phase chlorination of acetylene, the rise in temperature is 
decreased and explosions are prevented by the use of gaseous diluents. 
Peters and Neumann (7) found that hydrogen used as a diluent did not 
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react with chlorine during the photochemical chlorination of acetylene. 
The chlorination of acetylene diluted with hydrogen or of pyrolytic gas 
mixtures containing acetylene and hydrogen has been patented (37, 38). 
Nieuwland (6) employed steam as a diluent, and Roka (9) has patented 
the addition of steam in catalytic methods for the chlorination of acetylene. 
An excess of acetylene has been used as a diluent in the preparation of 
1 ,2-dichloroethylene (24). The introduction of vapors of the end prod- 
ucts as diluents in the reaction also has been patented (39), and the same 
condition is doubtless realized in the later stages of all vapor-phase chlorin- 
ations of acetylene. Since both acetylene and the products may act as 
diluents, it is evident that the process may be controlled to some extent 
by the manner in which the acetylene is introduced. Peters and Neumann 
(7) reported that explosions could not occur during the chlorination of 
acetylene at 70 mm pressure, and a process of this type might be applicable 
to the gaseous products of low-pressure cracking of hydrocarbons (See 
Chapter I, Section 7). 

Finely divided inert packing material has been found to reduce explosion 
hazards in the gas-phase reaction of chlorine with acetylene, and it is prob- 
able that solid catalysts act in the same way. Processes in which mixing; 
and reaction of the gases occur in capillaries or in the interstices of a solid 
have been described (8) and specified in several patents (21, 24, 30, 40)^ 

An interesting modification of the process consists in heating acetylene 
with one of the highly chlorinated products, such as tetrachloroethane, to 
form dichloroethylene by a simultaneous dechlorination chlorination reac- 
tion (41, 42). Nickel deposited on active carbon has been suggested as a 
suitable catalyst for this process. 

Bromine, in the liquid phase or in solution, usually adds quietly to acet- 
ylene, presumably with the formation of a dibromo- addition compound 
in the first stage of reaction; however, in many cases the tetrabromo- addi- 
tion compound is the principal end product. 

C2H2 -h Brs CHBr*«CHBr 

C*H2Br* + Br, CHBra-CHBrj 

Since both stages of reaction are fairly rapid, it is probable that the relative 
concentration of bromine and acetylene at the point of reaction is an im- 
portant factor in determining the composition of the end material. These 
bromo- derivatives of acetylene are too costly for most commercial uses, 
and the reaction has been applied principally for the estimation of acet- 
ylene in mixed gases. 

The reaction of acetylene with liquid bromine covered with a layer of 
water was first studied by Berthelot (43), who reported that the chief 
product was a dibromide; but a number of investigators (^) have shown 
that under similar conditions the tetrabromide is almost the sole product. 
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O'Meara and Clemmer {4-5) obtained yields of 90-95 per cent of the 
tetrabromide by this method. Reboul and Sabanejev {44) also isolated 
small quantities of a solid bromo-derivative in this reaction from acetylene 
prepared from cuprous acetylide, but Noyes and Tucker {46) showed that 
this substance was probably a hexabromide of the diacetylene produced 
by the oxidation of cuprous acetylide. 

Sabanejev { 44 ) found that acetylene was rapidly absorbed by a well 
cooled solution of bromine in chloroform with the formation of much tetra- 
bromide and a small yield of dibromide. With excess acetylene and a 
dilute alcohohc solution of bromine the chief product was dibromide. Gray 
{47) obtained the irans dibromide by treating an aqueous solution of acet- 
ylene with a saturated solution of bromine in the dark. 

By vapor-phase photobromination of acetylene at 150°, Booher and Rel- 
ief son {48) found that dibromide was the first product, and that a slower 
bromination to tetrabromide then occurred in the presence of excess bro- 
mine. Franke and Schumacher {49) also have proposed a mechanism for 
the photobromination of acetylene, and Muller and Schumacher {50) 
have studied the effect of varying temperature and partial pressure of the 
reactants on this process. 

A method and apparatus for introducing acetylene into an aqueous 
solution of bromine has been patented {51), and the reaction may be ac- 
celerated by the presence of the products of bromination. Pavlov and 
Ryazantzev {52) treated natural lyes containing bromides, with chlorine 
water, and then passed acetylene into the solution to form tetrabromo- 
ethane. 

The addition of iodine to acetylene does not occur as readily as that of 
bromine or chlorine, and the reaction stops when one molecule of iodine 
has been added. Berthelot {53) found that no reaction took place at 
ordinary temperatures even in direct sunlight, but that the solid diiodide 
was formed in a sealed flask kept at 100° for several hours. Ellis {54) has 
shown that acetylene does react in the course of a few days with iodine sub- 
limed onto the walls of a flask, but that when the walls of the flask had 
been first coated with paraffin, the reaction is retarded. 

Sabanejev { 44 ) found that iodine moistened with alcohol reacted slowly 
with acetylene at room temperature to give mainly the solid trans diiodide. 
This result has been confirmed by Plimpton {55), Blitz {56), Ellis {54) and 
Patemo and Peratoner (57). A little of the liquid ds isomer was obtained 
in some cases. 

At a temperature of 140-160° Keiser {58) found that a mixture of the 
da and trans diiodides was formed from acetylene and iodine. The da 
compound was also obtained when the reaction pccurred in the presence 
of hydrogen iodide. 

The halogen halides add to acetylene, usually yielding a mixture of 
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products. Plimpton (55) obtained a mixture of halogenated substances 
from the reaction of acetylene with an aqueous solution of bromine chlo- 
ride, and Sabanejev (59) reported that acetylene reacted very vigorously 
with bromine chloride to form a dichloro-dibromoethane. Plimpton (55) 
found that chloroiodoethylene was formed by the action of acetylene on 
iodine chloride in hydrochloric acid solution. Sabanejev (59) showed that 
dichloroethylene and more highly halogenated substances were also formed 
in this reaction. Thiele and Haakh (60) developed this method for the 
preparation of chloroiodoethylene. Plimpton (53) and Sabanejev (59) 
reported that acetylene was readily absorbed by a solution of iodine bro- 
mide to form a mixture of products, including dibromoethylene and bromo- 
iodoethylene. Van der Valle and Landsberg (61) investigated some of the 
factors which determine the proportions of the components in this mixture. 

Wittorf (63) found that acetylene, on treatment with hypochlorous acid 
or hypobromous acid, yielded the dihaloacetaldehydc with some dihalo- 
acetic acid. A number of other acetylenic compounds are known to give 
dihaloketones on treatment with these reagents. 
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6. Oxidation of acetylene. The most significant technical applications 
of acetylene oxidation concern its uses as fuel for welding and cutting. 
These processes are, of course, combustions rather than oxidations in the 
common chemical meaning. Incomplete combustion of acetylene depos- 
its carbon (acetylene black). The complete combustion to carbon dioxide 
and water is a highly exothermic process, liberating some 312,000 calories 
per mole and making possible flame temperatures above 3000°C when used 
with a correctly designed and operated torch. 

The oxy-acetylene flame is widely used for welding and cutting opera- 
tions (7); indeed, this is a major outlet for commercial acetylene and the 
basis of a large industry. The chemistry of the oxy-acetylene flame is of 
some interest because it yields the highest flame temperatures available 
for technical purposes. The oxy-acetylene flame consists of two distinct 
combustion zones. The inner cone is blue-white and is surrounded by a 
less sharply defined bushy envelope. In the inner cone acetylene disso- 
ciates into its elements, C 2 H 2 — ^ 2C + 2H, and carbon is oxidized to carbon 
monoxide. The extent of dissociation of the acetylene and the products 
of combustion at the flame temperatures have been calculated S). The 
oxidation is completed in the outer zone, yielding carbon dioxide and water. 
The complete combustion equation is therefore 

2C,H, + 5 O 2 4CO, -f 2HjO. 

However, in welding practice a reducing flame is maintained by using less 
than the theoretical quantity of oxygen. The most efficient flames are 
obtained when the acetylene and oxygen are mixed in approximately equal 



no 


THE CHEMISTRY OF ACETYLENE 


volumes, the remaining oxygen being taken from the surrounding atmos- 
phere. In the cutting flame excess oxygen is employed. 

Acetylene-oxygen mixtures are highly explosive, as has been long known 
(4). This is at least partly due to the high thermodynamic instability of 
acetylene. Parks and Huffman (6) call attention to the reaction, 

CaHaCg) 2C -j- H 2 ; AF 298 = -60,840; AH 29 S *= -64,900. 

and state that the large evolution of heat is here sufficient to raise the tem- 
perature of the products to about 3000*^K if the explosion is adiabatic. 
A small amount of oxygen present in acetylene may cause oxidation of the 
latter and thereby initiate an acetylene explosion, particularly if the gases 
are under considerable pressure. The explosiveness of acetylene-oxygen 
mixtures is reduced by admixture with inert gases. Thus an investigation 

(6) of the explosive limits of acetylene-oxygen-nitrogen mixtures has shown 
that there is no risk of explosition when the oxygen content is less than 8 
per cent or the acetylene content less than 2.5 per cent. 

The slow combustion of acetylene has been studied by many investiga- 
tors, usually to establish the mechanism of the reaction or to develop syn- 
theses for useful products. The early investigations of Bone and Andrew 

(7) are notable in this regard. It was shown by these workers that inter- 
action between acetylene and oxygen, sealed in a glass tube at atmospheric 
pressure, begins at about 250° and proceeds rapidly at 300°. With 2C2H2 + 
O2 and C2H2 + O2, explosive decomposition sets in at 350°, and with 2C2H2 
+ 3O2 at about 375°. Carbon monoxide and formaldehyde simultaneously 
arise at an early stage. Bone and Carruthers (8) have recently observed 
the occurrence of carbon monoxide, carbon dioxide, water, formaldehyde 
and formic acid among the products of the slow combustion of acetylene. 

The concentration zones of mixtures of acetylene and air, at atmospheric 
pressure, which will undergo combustion at a mean temperature of 310°, 
depend on the rate of heating {9). Heating at 40° per minute caused 
combustion in mixtures containing 17-85 per cent acetylene by volume, 
while at a rate of 25° per minute the same result was obtained only with 
mixtures having 35-70 per cent acetylene. Outside these zones, a faint 
green luminescence and lowering of pressure was observed. The effect 
of electric fields on the combustion of acetylene with oxygen at low pres- 
sures also has been investigated (10, 11), 

It is now quite definitely established that thermal oxidation or slow 
combustion of acetylene is a chain reaction. Kistiakowsky and Lenher {IS) 
studied the reaction, in ‘Tyrex*’ vessels, at 250-316°, and claimed that the 
reaction is homogeneous and of the chain type, the process going through 
glyoxal, formaldehyde and formic acid and yielding also carbon monoxide, 
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carbon dioxide and hydrogen. In fact, a process was patented (Jf^) as 
suitable for the preparation of glyoxal. 

The velocity of the reaction is said to be proportional to the square of the 
acetylene concentration and independent of the oxygen concentration 
{8j 11). In packed vessels the homogeneous oxidation is almost entirely 
suppressed and a heterogeneous reaction takes place, on the glass surface, 
directly to carbon dioxide and water. 

Slow oxidation by the circulation method (IS) permits the isolation of 
the more stable oxidation products, glyoxal, formaldehyde and formic acid. 
In this manner the reaction rate is accelerated by oxygen when acetylene 
is in excess, but is slightly retarded when oxygen is in excess. At the opti- 
mum oxygen concentration the rate is proportional to the square of acet- 
ylene concentration, whereas when less oxygen is present, a lower power 
of acetylene concentration maintains. 

In the slow combustion mechanism, it has been postulated that chains 
originate upon the surface, undergo considerable branching in the gas phase, 
where some deactivation by oxygen occurs, and finally are broken at the 
walls of the vessel (i^). At 320° wall activation is predominant, whereas 
at this temperature and 400 mm total pressure, the reaction is almost com- 
pletely inhibited by the walls in vessels less than 4 mm in diameter. In 
vessels greater than 6 mm in diameter, inhibition by the wall is small com- 
pared with inhibition by oxygen (IS). 

Steacie and McDonald investigated the kinetics of oxidation of acet- 
ylene by the static method. Their results (16) confirm the chain mecha- 
nism. They claim that the apparent heat of activation of the reaction is 
about 35,000 calories. 

Mardles (17) is of the opinion that oxidation of acetylene by air involves 
the formation of peroxides. This conclusion was reached on the basis 
of experiments below the self-ignition temperature with and without in- 
hibitors. Thus formaldehyde, formic acid, etc. are said to be formed by 
decomposition of the peroxides. Inhibitors and metal surfaces reduce the 
accumulation of peroxides and so affect the rate of gaseous reaction and 
reduce its temperature coefficient. In this connection it is of interest to 
note that the liquid-substituted acetylenes are known to form peroxides 
with air or oxygen at room temperature (18). Peroxide formation is not 
due to olefinic impurities or polymers. Experiments with 1-hexyne and 
oxygen showed that the peroxide concentration became constant after 
several weeks, excess peroxide oxidising the 1-hexyne to valeric acid. Pas- 
sage of oxygen through 1-hexyne for about three months at 35-40° gave a 
product which was 2.12 normal in acid content. 

Attempts have been made to catalyze the slow acetylene combustion in 
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various ways. For example, oxidation of acetylene over boric or phos- 
phoric acids, impregnated in burnt clay or diatomaceous earth, gives for- 
maldehyde {19). Lenher found that nitric oxides or nitric acid promoted 
the vapor-phase oxidation of acetylene with oxygen. The main product 
was trimeric glyoxal {20). 

A number of studies are reported concerning the reaction of acetylene 
with ozone. Mailfert {21) reacted acetylene with ozone and obtained 
carbon dioxide and formic acid. Otto {22) reported that this reaction was 
violent, frequently causing explosions. More recent studies {23) of the 
acetylene-ozone reaction have confirmed Otto’s observation {22) regarding 
explosions. It is certainly well to dilute the reactants with an indifferent 
gas or to employ a solvent. With these techniques glyoxal may be ob- 
tained. Thus mixtures of 1“2 per cent ozone, 3-4 per cent acetylene and 
94-96 per cent air give glyoxal {2^, 25) particularly if water vapor or spray 
is introduced, permitting the withdrawal of a concentrated glyoxal solution. 
Briner and Wunenburger {23) used liquid methyl chloride as a solvent and 
obtained glyoxal and formic acid. 

Atomic oxygen at low temperatures has been reported to give an addition 
product with acetylene which decomposes at higher temperatures, yielding 
glyoxal, formic acid, and oxides of carbon {26). 

The oxidation of acetylene by aqueous oxidizing agents has been rather 
extensively studied. Berthelot {27) reported that acid permanganate 
acted on acetylene to yield carbon dioxide and formic acid, whereas alkaline 
solutions gave oxalic acid; dilute chromic acid yielded acetic acid {28). 
Dilute nitric acid reacts with acetylene in the presence of a mercury salt 
and gives excellent yields of oxalic acid. Thus /hen acetylene and air are 
passed into a solulion composed of 900 cc of nit ic acid (d. 1.42), 300 cc of 
water and 25 g oi mercuric nitrate, oxalic acid forms readily {29). Mer- 
curic salts act ca talytically, as was also reported by Orton and McKie and 
others {30). The action of fuming nitric acid on acetylene yields complex 
heterocyclic condensation products as reported in Chapter V, Section 6. 
Gautier {31) used iodine pentoxide as an oxidizing agent in attempts to 
detect acetylene. Carbon monoxide, carbon dioxide and iodine were 
formed. Aqueous hydrogen peroxide, in the presence of ferrous sulfate, 
is reported {32) to give acetic acid from acetylene, small amounts of alde- 
hyde and alcohol also being formed. Coehn states {33) that the discharge 
potential of oxygen from a solution of p)otassium hydroxide is depressed 
from about 1.7 to 1.2 volts, when acetylene is passed through the solution. 
The acetylene oxidizes quantitatively to formic acid when the emf lies 
between the above limits. In solutions of sulfuric acid the presence of 
acetylene diminishes the anodic polarization by about 0.19 volt. Acetalde- 
hyde is formed which, in turn, oxidizes to acetic acid. The current effi- 
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ciency is 100 per cent when the emf used is less than that required to liberate 
oxygen. When acetylene is passed into solutions of sodium chlorate and 
osmium tetroxide, acetic acid is formed together with another compound, 
likely glyoxalic acid (34). Auric chloride, in dilute aqueous solution, is 
quantitatively reduced to free gold (35). The acetylene is converted to 
carbon dioxide (12 per cent) and glyoxal (about 86 per cent). A solution 
of uranium acetate, saturated with acetylene and exposed to light, causes 
oxidation of the acetylene (36), 

The action of oxidizing agents on other acetylenic compounds has re- 
ceived much study. In most instances oxidation results in the formation 
of a diketo compound, or of two molecules of a carboxylic acid, and the 
identification of these products serves to locate the position of the triple 
bond in the original chain. 


O O 

II II O+HaO 

R— C=C— R' -f 20 ^ R— C— C— R' — > RCOOH + R'COOH 

However, a molecule of carbon dioxide may be lost in some cases, resulting 
in the formation of a carboxylic acid with a shorter carbon chain (37), The 
oxidizing agents employed include ozone (38-43), dilute permanganate 
solutions (£7, 38, 37, 44i 47, 51, 52, 53), chromic acid solutions (27, 

28, 44i 45, 45), nitric acid (49, 50), and peracetic acid (54), The oxidation 
of acetylenic hydrocarbons (27, 28, 4^-47, 49), long-chain acetylenic acids 
(37, 39, 50-54), and acetylenic glycols (48) has been investigated. In the 
oxidation of alkyl acetylenes with selenium dioxide, Trachet (55-57) reports 
that a CH 2 group adjacent to an acetylenic carbon atom is attacked, yield- 
ing an acetylenic carbinol. 

H—C s C— CHr-R + [O]-^ H— C - C— CHOH— R 
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6. The preparation of acetaldehyde by the catal 3 rtic addition of water to 
acetylene. Kutscherov (Jf) first observed the formation of acetaldehyde 
from acetylene, and of ketones from acetylene homologs, by the addition 
of water in aqueous solutions of mercuric salts. He also noted that during 
the reaction organo-mercuric compounds were precipitated, which he 
considered to be additive intermediates. A number of later workers {2) 
obtained similar results. Frieman, Kennedy and Lucas (3) recently stud- 
ied the mechanism of this reaction and reported that the initial rate is first 
order with respect to acetylene and second order with respect to mercuric 
sulfate. Erdmann and Kothner (4) reported a laboratory method for the 
preparation of acetaldehyde by passing acetylene with agitation into a hot 
solution of mercuric sulfate in dilute sulfuric acid. Their method was 
essentially similar to the processes in present use for the commercial pro- 
duction of acetaldehyde. Wunderlich {5) applied for a patent (not granted) 
covering catalysis by mercury salts in solutions of organic acids or of sulfuric 
and other inorganic acids. 

Thus the principal features of this synthesis of acetaldehyde long have 
been known, but large-scale manufacture was delayed for many years in 
part by the lack of demand for acetaldehyde, which first found extensive 
use during the World War. The earlier attempts to develop the process 
encountered two important technical difficulties. First, the acetaldehyde 
M'^as not readily removed from the acid catalytic solutions, and tended to 
accumulate in them, with consequent formation of undesired condensation 
products. Secondly, the mercury catalysts were more or less rapidly in- 
activated either by reduction to metallic mercury or by conversion to 
highly insoluble organo-mercury derivatives, or by coating with tarry 
condensation products. Nearly all of the numerous patented modifications 
of the process consist of proposed methods for overcoming these two dif- 
ficulties. 

• The earliest attempts for rapid and complete recovery of the acetaldehyde 
from the catalytic solutions were reported in patents by Griinstein with 
the Chemische Fabrik Griesheim Elektron and by chemists of the Con- 
sortium fUr Elektrochemische Industrie, these concerns having been the 
first to apply the reaction on an industrial scale. These patentees later 
ex^aged in a polemical discussion concerning the priority and value of the 
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early modifications (6), Griinstein stated that it was impracticable to 
distill the acetaldehyde from sulfuric acid at atmospheric pressure, because 
of the greater formation of crotonaldehyde and other more complex con- 
densation products at higher temperatures. He proposed a number of 
methods of removal (7, 8) including vacuum distillation (see also 9, 10), 
the addition of an indifferent salt to force the acetaldehyde out of solution, 
extraction with solvents, and finally the use of a stream of excess acetylene 
to sweep out the dissolved acetaldehyde {8, 11, 12). Extraction with 
solvents also has been proposed in a few other patents {61). The Con- 
sortium fiir Elektrochemische Industrie {13, 14) patented a process for dis- 
tilling acetaldehyde from a very dilute sulfuric acid catalyst solution, and 
the same concern appears to have been the first to patent and employ 
industrially a method of sweeping out the acetaldehyde with a stream of 
excess acetylene, which has proved to be the most successful method of 
removal, and is now the common practice. 

Most of the later patents on the subject specify the removal of acetalde- 
hyde by a stream of excess acetylene, and differ in various other features 
such as temperature, pressure, or acid strength, or in the kind of acid, 
mercury salt or auxiliary substances used, or in the design and operation of 
the apparatus {15-24) • processes of this type the gases leaving the 
reaction vessel are usually first dried by condensation or absorption of the 
water vapor; the acetaldehyde is then condensed at a lower temperature, 
and the excess acetylene is returned to the reaction vessel. 

It was early proposed to substitute for mercuric sulfate and sulfuric acid 
other acids, such as phosphoric or various sulfonic acids with the corre- 
sponding mercuric salts {5, 7, 8, 25). The authors have also used dilute 
perchloric acid and aqueous solutions of boron fluoride for this purpose. 
These acids and mercuric salts probably do not possess any advantages 
over mercuric sulfate and sulfuric acid which are suflScient to offset their 
higher costs. The halogen acids are unsuitable both because of their 
volatilit}^ and the catalytic inactivity of the mercury halides. Later patent 
claims often apply to all mercuric salts or mention a considerable number of 
them, but apparently none of these has displaced the sulfate solution in the 
practice of any manufacturer. In general, the concentration of an acid, 
such as sulfuric, is decreased when a higher operating temperature is em- 
ployed and the concentration is kept constant by the admission of steam 
{26) or water. 

Several patents describe the use of acid sulfates or phosphates of the 
alkali metals or ammonia in the catalytic solutions {27-29). These salts 
tend to force the acetaldehyde out of solution, but also decrease the solubil- 
ity of acetylene and thus retard the reaction. The authors were able to 
achieve a satisfactory catalytic action in a saturated aqueous solution of 
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sodium acid sulfate only when the solution was distributed in films on an 
inert packing material, and in this case paraldehyde was the principal 
product (30), 

By the addition of water-soluble organic liquids to the catalytic solution, 
the solubility of acetylene and usually the speed of reaction are increased. 
A number of patents describe catalytic solutions containing water, a strong 
acid and the corresponding mercuric salt, and a water-soluble organic 
liquid such as acetic acid or an alcohol (31-36). Acetic acid forms vinyl 
and ethylidene acetates, and the alcohols form acetals under such condi- 
tions; but these compounds hydrolyze to acetaldehyde in the presence of 
aqueous acids. The net effect is to increase the solubility of acetylene and 
the retention of the product in the solutions, often with an increased tend- 
ency toward formation of condensation products. It is questionable 
whether the advantages claimed from the addition of organic liquids to the 
catalytic medium are sufficient to compensate for the increased difficulty 
of separating and purifying the acetaldehyde. 

If pyrolytic gas mixtures containing acetylene are employed in this 
process, the acetaldehyde may be swept out of the catalytic solutions by the 
unreactive portion of the gas mixture (20, 21, 37, 4^3, SI). Under these 
conditions several patents claim advantages in treating the mixed gases at 
2-3 atmospheres’ pressure (20, 21, 40). Pyrolytic gases containing acety- 
lene and diacetylene yield acetaldehyde and biacetyl (39). 

Numerous modifications of the process have also been proposed with a 
view to diminishing the loss of mercur}^ catalyst, or to increasing its effec- 
tiveness. Side reactions, which have not been completely explained, 
result in the precipitation of an inactive gray sludge consisting chiefly of 
finely divided metallic mercury mixed with insoluble mercury organic 
compounds and sometimes with tarry condensation products. The amount 
of this material formed bears no stoichiometric relation to the quantity of 
acetaldehyde produced, but varies widely under different conditions. A 
number of attempts have been made to prevent this reduction or to regen- 
erate the original mercuric salt by the addition of oxidizing agents to the 
catalytic solutions. Among those suggested are ferric, chromic, vanadic, 
manganic, ceric, and cupric salts (37, 44-53) and hydrogen peroxide (44^ 
64), oxygen (55) or ozonized oxygen (66). Oxygen or air in the presence 
of an iron salt has also been specified as an oxidizing agent (57, 58). How- 
ever, another series of patents claims that formation of undesirable con- 
densation products is diminished by the presence of ferrous salts (47, 59). 
The electrolytic oxidation of mercury directly in the catalytic solution is 
the subject of several patents (60, 62-70). The mercury sludge also may 
be removed from the reaction vessel and recovered by a number of methods 
including carbonization (71, 72), reduction by metals in acid media (75, 74), 
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electrolysis in alkaline solution (7/, 74), catalytic oxidation in the presence 
of nitric acid or oxides of nitrogen (75, 76) or ferric salts {76, 78), and 
chlorination {79). 

Several of the patents previously cited describe as an advantageous pro- 
cedure the preparation of catalysts by treating mercuric oxide with acids 
in the catalytic solution. Dreyfus {80) claims that the conditions under 
which the mercuric compounds first come in contact with acetylene influ- 
ences their lasting qualities. The addition to the solution of salts of weak 
acids such as borates {81) and of salts of strong acids with weak bases {82) 
have also been patented. 

A number of patents {88) claim the catalytic preparation of acetaldehyde 
in solutions containing the chloride or other salts of zinc, chromium, iron, 
or cadmium along with salts of mercury, uranium, gold or platinum. 

Because of the corrosive action of these catalytic solutions on most 
metals, the apparatus for use in this process is constructed of special mate- 
rials, such as iron-silicon alloys {8/i), or is lined with lead {85, 86) or nickel- 
chromium-molybdenum steel {87). 

Several brief reviews of the commercial processes with some patent 
citations have been published {88-96) (See also Chapter I, Section 1). 
Benson and Cadenhead {9 4) have listed a number of by-products isolated 
in small quantities from the commercial product. Deuteri oacetaldehyde 
has been prepared from dideuterioacetylene and heavy water by the action 
of an acid solution of a mercuric salt {97). 

The technical difficulties encountered in the production of acetaldehyde 
from acetylene and water in acid solutions of mercuric salts and also in 
other liquid-phase methods resulted in a number of attempts to effect this 
synthesis of acetaldehyde in the vapor phase by the aid of suitable pro- 
moters. With most catalysts it was found that a temperature of 200-500® 
was required to cause sufficiently rapid reaction, and that at this tempera- 
ture a large excess of steam or other diluent was needed to prevent the 
extensive formation of condensation products. The resulting dilution of 
the acetaldehyde with water and contamination with condensed by-prod- 
ucts are serious disadvantages of several proposed processes of this type. 

A great variety of catalysts have been used or proposed for the vapor- 
phase addition of water to acetylene. These include iron, nickel and cobalt 
{98-100) \ molybdic acid {101-102); molybdates, chromates and vandates 
{102 ) ; tungsten compounds {103-104 ) ; aluminum oxide mixed with borates, 
phosphates, oxides, sulfides or selenides of mercury, cadmium, zinc, copper, 
iron, cobalt or nickel {103-106); aluminum oxide {107); borates or phos- 
phates of copper, nickel and zinc {108) ; charcoal or silica coated with oxides 
of mercury, zinc, copper, molbydenum, iron, nickel, tin, aluminum, or lead 
{109); bismuth molybdate {110); zinc molybdate, boron phosphate, and 
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cadmium metaphosphate (111); alkaline-earth phosphates, and iron or 
magnesium silicates (112); cadmium phosphate (llS-115); phosphates of 
zinc and silver (115); activated carbon impregnated with dilute phosphoric 
acid (116); fused zinc chloride or aluminum chloride, or mixtures of the 
oxides of cerium, zinc, chromium, manganese, barium, and titanium (117), 

A number of patents describe the reaction of acetylene with steam to 
which air or oxygen has been added to produce partial or complete oxidation 
of the acetaldehyde to acetic acid (118-122). In general the catalysts 
employed are similar to those used for the vapor-phase hydration of acet- 
ylene, but oxides of nitrogen (122) and a mercury, molybdenum, or vana- 
dium catalyst (123) also have been suggested. It is claimed that oxygen 
diminishes the formation of condensation products, and prolongs the life 
of the catalysts, as well as oxidizing acetaldehyde to acetic acid. 

It is doubtful whether these high-temperature vapor-phase processes 
can compete with the liquid-phase mercury catalyst method for the con- 
version of concentrated acetylene to acetaldehyde, but the vapor-phase 
process may be of value, for the utilization of acetylene in mixture with 
steam or inert diluent gases. 
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7. Preparation of alkali-metal acetates and of acetone directly from 
acetylene. Feuchter (I) first observed that acetylene reacts directly with 
fused alkalies to form acetates. He conducted acetylene into a fused. 
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anhydrous caustic soda-potash mixture at about 220° and recovered acetic 
acid upon dissolving the melt in water and acidifying. A careful study of 
this reaction was made by the Consortium fiir Electrochem. Ind. (;?, 3) and 
in the United States by the Dow Chemical Company (4, 5. 6). It was 
observed that the presence of water materially improved the yield and 
purity of the product. Since the water is consumed in the reaction, the 
following equation illustrates the process. 

C2H2 + H2O + NaOH CHaCOONa + Ih 

The sole products are sodium acetate and hydrogen, the latter being quite 
pure. Hydrogenation reactions are not encountered. Below 220° the 
reaction proceeds slowly and above 325° decomposition of the sodium 
acetate occurs. Pressure is not required, though it is desirable to increase 
the available acetylene. It is convenient to employ pressures of about 
50-60 lbs. Higher pressures are avoided, to prevent explosive decomposi- 
tion of the acetylene. 

The yields are excellent. In one report (4) it is claimed that conversion 
of caustic to acetate was 96 per cent complete ; the acetylene absorption was 
quantitative except for a 2-5 per cent loss with the hydrogen vented. 

Caustic potash may be used also as well as mixtures of caustic soda and 
potash. Potash alone, or in mixtures, permits lower temperatures and a 
more rapid reaction (5, 6). Oxides and hydroxides of other alkali-forming 
metals, such as calcium and barium, may be employed, but the reaction 
rate is decreased. It has been found desirable to start the reaction with a 
mixture of fused hydroxide and acetate {3, 5), The optimum reaction 
rate is thus maintained until approximately two-thirds of the original 
alkali has reacted. 

Water may be admitted to the reactants in various ways, such as steam 
or as caustic solution. A desirable method is to saturate the acetylene 
with water vapor at about 80°. In this way the gaseous charge contains 
about equal volumes (or moles) of water and acetylene. 

It has been found in subsequent studies that other substances may be 
substituted for acetylene. Thus alkali-metal acetates are formed by react- 
ing ethyl alcohol with a fused mixture of sodium and potassium hydroxides 
at 250-300° (7). Ethylene-propylene mixtures also yield sodium acetate 
under similar conditions if an inorganic basic aluminum compound (e.g., 
AI2O3) is present {8). 

Under proper conditions of temperature, pressure and catalyst, acet- 
ylene reacts directly with steam to yield acetone. The catalysts employed 
include various basic metallic oxides, hydroxides, carbonates or acetates, 
and the reaction is usually conducted in the temperature range 250-450° 
and at pressures varying from about three to ten atmospheres. Although 
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the mechanism of the reaction has not been definitely established, it prob- 
ably consists of the formation and decomposition of a metal acetate: 

2C2H, + M2O -f 3H2O — 2 CHaCOOM -h 2H2 
2 CH 8 COOM CHaCOCHs + M2O + CO2 

The metal oxide regenerated can then react further wdth steam and acet- 
ylene. It is significant that a number of other substances, including ethyl 
alcohol, acetaldehyde and acetic acid, yield acetone under similar 
conditions. 

The earliest patent (9) claims as suitable catalysts the hydroxide, oxide 
or carbonate of thorium, or double salts of thorium, such as potassium 
thorium carbonate. Later patents (JO) claim the use of oxides, carbonate 
or acetates of alkaline-earth metals or of zinc, tin, aluminum and mag- 
nesium, and in particular those metals whose acetates yield acetone on 
heating. Numerous more recent patents advocate the use of catalytic 
mixtures containing oxides of manganese, chromium, iron, and nickel, 
along with compounds of the more basic metals (11-21). 

While a considerable number of patents have been issued covering proc- 
esses for producing acetone from acetylene, it does not appear that any of 
these have attained great industrial importance. A few review articles 
have discussed this process (22-2 J^). 
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8. The preparation of vinyl ethers and acetals by the addition of alcohols 
to acetylene. A number of alcohols combine with acetylene in the presence 
of catalysts. The first stage of this addition presumably results in the 
formation of a vinyl ether, but Hill and Pidgeon (7) and others (^) have 
shown that in the presence of acid catalysts and excess alcohols these vinyl 
compounds react very rapidly wdth a second alcoholiodiydroxyl group to 
form an acetal. 

CJL + HOR -4 PLC^CH— OR 
H2C==CH— OR -f HOR Ii3C~CH(OR)2 

WTien polyh 3 "dric alcohols are employed under these conditions the chief 
products are cyclic acetals. By a similar catalytic reaction ketals have 
been formed from homologs of acetylene. The most effective catalysts for 
these additions are mercuric salts of strong acids, particularly sulfuric or a 
sulfonic acid or the strongly acid solution of boron trifluoride in the reacting 
alcohol. It has been postulated by Hennion and Vogt {29) that one or two 
equivalents of a mercuric alcoholate form an intermediate addition com- 
pound with acetylene, and that the mercury is then replaced in this sub- 
stance by hydrogen in acid solutions. 

The first patents for the production of vinyl and ethylidene ethers and 
esters by the action of acetylene on organic hydroxy compounds employed a 
mercuric salt such as the sulfate as a catal^^st (5). Boiteau (4) also patented 
a similar process specifically for making acetals, Reichert, Bailey and 
Nieuwland (5) investigated the preparation of acetals from a series of 
monohydric alcohols and acetylene employing mercuric sulfate with sulfuric 
acid as the catalyst. Alcohols higher than ethyl gave poor yields, probably 
because of the dehydrating action of the sulfuric acid. Hill and Hibbert 

(6) successfully applied this method to the production of cyclic acetals from 
acetylene and ethylene glycol, trimethylene glycol, 1,2-propyIene glycol, 
1,4-tetramethylene glycol, glycerol a-bromhydrin, glycerol, pinacol, 2- 
methyl-2,4-pentanediol, and a-methylglucoside. Tamaru and Tanaka 

(7) and Contardi and Ciocca {8) have described the preparation of dimethyl 
acetal. 

Nieuwland, Vogt and Foohey (9) reported an improved method for the 
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synthesis of acetals from acetylene in which the sulfuric acid and mercuric 
sulfate were replaced as catalysts by a mercuric salt and an acid derived 
from the reaction of an alcohol with boron trifluoride. With this catalyst 
acetals, chiefly cyclic, were prepared by the reaction of acetylene with a 
number of polyhydric alcohols, their ethers, and chlorhydrins, and similar 
compounds were also obtained from a few hydroxy carboxylic acids and 
their esters. This method was applied by Hinton and Nieuwland {10) 
to the synthesis of numerous acetals of monohydric alcohols. Bowlus and 

H 

I 

Nieuwland {11) proposed the formula RO — > BF 3 for the acid compounds 
which are present in this reaction, and O’Leary and Wenzke {12) made 
conductivity measurements of the solutions which supported this view. 
Vaughn {13) called attention to the fact that the presence of a small quan- 
tity of water caused the formation of tarry by-products during the prepara- 
tion of ethylene glycol acetal by this method, and it is probable that water 
is detrimental in all cases. The alkoxy-fluoboric acids have advantages 
over sulfuric acid for the synthesis of acetals in that they are more lasting 
and effective at low concentration and have no oxidizing properties and 
less tendency to split off water or hydrogen halides from the alcoholic 
substances. This appears to be the best method available for the prepa- 
ration of many acetals. In like manner Hennion, Killian, and Nieuwland 
{14-I6) have used the alkoxy-fluoboric acids with their mercuric salts as 
catalysts for the addition of alcohols to other acetylenic hydrocarbons to 
form ketals. 

A few attempts have been made to isolate vinyl ethers from the first 
stage of addition of alcohols to acetylene, employing mercuric salts and 
an acid as catalysts. Plauson {17) patented the preparation of vinyl ethers 
by the reaction of alcohols with vinyl sulfate which was formed by the 
addition of concentrated sulfuric acid to acetylene at 2-5 atmospheres' 
pressure and 0 ° to —15° in the presence of mercuric sulfate. The vinyl 
ether was removed at diminished pressure. Patents have also been issued 
for the preparation of vinyl ethers from alcohols and acetylene in ligroin 
solution with a mercuric phosphate catalyst (15), and for the formation of 
vinyl ethers from acetylene and alcohols or phenols with freshly precip- 
itated mercuric sulfate as a catalyst in the absence of mineral acids {19), 
The preparation of vinyl ethers by the cleavage of acetals in contact with 
metals such as silver, gold, platinum or palladium also has been patented 
{20) ', The production of vinyl ethers from phenolic compounds by re- 
action with acetylene in the presence of zinc or cadmium salts of organic 
acids at about 270° is another related reaction {21), It is probable that 
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the condensation of acetylene with the ring of phenolic compounds passes 
through a vinyl ether intermediate stage, which is then rearranged (see 
Chapter V, Section 5). 

Favorsky {22) first postulated the existence of addition products of 
alkali alcoholates with acetylenic hydrocarbons as intermediates in the 
rearrangements of the hydrocarbons, and isolated 2-ethoxypropylene from 
the reaction of propyne with a solution of sodium ethylate in alcohol in a 
sealed tube. Chemists of the I. G. Farbenindustrie have obtained several 
patents for the preparation of vinyl ethers from acetylene and alcoholic 
substances employing strongly alkaline catalysts such as oxides, hydroxides 
or alcoholates of the alkali or alkaline-earth metals (23-28). In one mod- 
ification the acetylene is passed into an alcoholic solution of an alkali-metal 
oxide, hydroxide, or alcoholate at 80-250® and approximately atmospheric 
pressure. The reaction of alcohols with acetylene at higher temperatures 
in vapor phase over soda lime or a similar alkaline catalyst (24) or over 
zinc or cadmium salts (21) has also been employed. It is claimed that 
vinyl ethers have been prepared by slight modifications of these methods 
from a variety of hydroxylic compounds, including hydroxy-alkyl amines 
(23 j 25) j terpene alcohols (26) and carbohydrate derivatives (27), as well 
as simple alcohols having comparatively low boiling points (28). The 
alkalies appear to be much more satisfactory than the acid mercuric salt 
catalysts for the production of vinyl ethers from acetylene. 
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9. The preparation of vinyl and ethylidene esters from acetylene. Sev- 
eral aliphatic carboxylic acids have been added to acetylene in the presence 
of catalysts to yield vinyl esters as a first product or ethylidene diesters 
as the product of a second stage of addition. 

■ppOOH 

C 2 H 2 -f RCOOH HjC^CH^OCR H,C~CH(OOCR)a 

The catalysts most commonly employed are combinations of a mercuric 
salt with a strong acid. The addition of acetic acid to acetylene has re- 
ceived the major share of attention, and the vinyl acetate produced is an 
important raw material for synthetic resins; ethylidene diacetate is a source 
of acetic anhydride and acetaldehyde. 

H,C~CH(00CR)2 (RC0)20 -f CH,CHO 

In a liquid medium a variety of mercuric salts with their corresponding 
acids have been employed as catalysts for these additions. Mercuric 
sulfate with a small quantity of sulfuric acid appears to have been used 
first for this purpose However, it was found that sulfuric acid 

caused undesirable side reactions of oxidation, dehydration, and poly- 
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merization in this process and a more suitable acid was sought. Mercuric 
phosphate was used in a few cases {S-5), 

The reaction of fuming sulfuric acid or sulfur trioxide on acetic acid, or of 
concentrated sulfuric acid on acetic anhydride produces acetyl sulfuric 
acid, which rearranges on warming to sulfoacetic acid, HO 8 SCH 2 COOH. 
These substances with their mercuric salts have been found to be a satis- 
factory catalyst for the addition of acetic acid to acetylene. For example, a 
catalyst for the preparation of ethylidene diacetate consists of mercuric 
oxide and sulfur trioxide or fuming sulfuric acid added to acetic acid {6), 
and a similar mixture, which is said to contain acetyl sulfuric acid, has been 
used at 20-60® for the preparation of vinyl esters (7). Acetic anhydride 
appears to promote the addition of acetic acid to acetylene and has been 
used for this purpose in conjunction with a mercuric salt and sulfonic acids 
{8) in the preparation of ethylidene diacetate, and with sulfoacetic acid for 
preparing vinyl esters (5-7^). Several other sulfonic acids also have been 
patented as components of similar catalysts (5, 12 , 13); these include ben- 
zene sulfonic (5, 12), naphthalene sulfonic (8-12, I 4 ), camphor sulfonic 
(12), methionic (12, 13), and aldehyde disulfonic (12), and benzene di- 
sulfonic acids (13). Methylene sulfate (I 4 ) also has been suggested for 
this purpose. 

Chemists of the LG. Farbenindustrie A. G. have obtained several patents 
covering the use of mercuric compounds with acids containing boron and 
fluorine as catalysts in these reactions. The compounds used include 
boron fluoride (15-17), boron oxide (18), and mixtures of hydrogen fluoride 
with boric acid, boron oxide, or boron fluoride (19). Dihydroxyfluoboric 
acid also has been used in this way (20). The mercuric salts of silico-, 
phospho-, and borotungstic acids, silico- or phosphomolybdic acids, and 
tungstomolybdophosphoric acid have been patented as catalysts (21 ) . The 
addition of silica (22, 23) and Japanese acid clay (24) as supports for mer- 
cury catalysts has been proposed. The addition of oxidizing substances 
to the catalytic mercury salt solutions is said to prevent reduction of the 
mercury compounds and to diminish tar formation (25-27). Inert diluents 
for the reaction mixture have been suggested (28). 

At somewhat higher temperatures and pressures of acetylene other 
metallic salts may replace mercuric salts as catalysts in the liquid-phase 
addition of carboxylic acids to acetylene. Patents cover zinc and cad- 
mium salts of these acids (29-30) and compounds of magnesium, iron, zinc, 
aluminum, and boron (31). 

Several patents describe methods of producing vinyl acetate with a 
minimum of ethylidene diacetate from the liquid-phase addition of acetic 
acid to acetylene. Since the vinyl ester is the low-borling component of the 
mixture it can be swept out with excess acetylene (32-35) or distilled off 
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after neutralization of the mineral acid present {36), The formation of the 
vinyl ester is favored if the bulk of the liquid medium is not excess acetic 
acid, but an inert diluent such as kerosene or paraffin oil (37), having a 
boiling point higher than vinyl acetate. 

If ethylidene diacetate is desired, more prolonged contact with excess 
acetic acid is essential. In distilling the crude product to obtain ethylidene 
diacetate, neutralization of the mineral acid of the catalyst by the addition 
of sodium acetate has been proposed (38-39). A few patents also describe 
the conversion of vinyl esters to ethylidene esters by the further addition 
of acetic or other carboxylic acids with catalysts consisting of oxides of 
sulfur ( 41 ) or sulfuric, phosphoric, or sulfonic acids and a mercuric salt 
( 3 , 43 ). 

Many of the patents on catalysts and methods for making vinyl acetate 
and ethylidene diacetate are sufficiently broad to cover homologous esters 
of other carboxylic acids, however, these other esters do not appear to have 
found any important practical application. Among the acids which have 
been specifically cited for these processes may be mentioned propionic, 
lactic, the chlorinated acetic acids (/), crotonic (16), butyric (3£), and 
polycarboxylic acids which may have been partially esterified (30). 

The use of dilute acetylene from pyrolytic processes for conversion to 
ethylidene diacetate by similar processes also has been proposed (43). 

Similar addition reactions of carboxylic acids with acetylene have been 
performed in vapor phase. A series of patents claims that zinc or cadmium 
acetate, which may be supported by carbon or silica gel, are effective cata- 
lysts for this purpose ( 44 )- Dreyfus (46) claims that an ethylidene ester 
may be made the sole product of a vapor-phase process, if from three to six 
mols of an acid are used with each mol of acetylene. Walter (46) suggested 
that the vapor of an acid mixed with acetylene be passed through a catalj^tic 
solution. An apparatus consisting of a tube at 200° containing a water- 
cooled central tube has been patented for use in this reaction (47). Usha- 
kov and Feinstein (48) have discussed the effect of various factors on the 
vapor-phase synthesis of vinyl acetate. 

Vinyl formate has been prepared by an acid exchange reaction (58). 

A few review articles have appeared which cover the addition of acetic 
acid to acetylene (49-5^). See also Introduction (3, 4 )- 

Vinyl acetate is an important constituent of several commercial resinous 
materials such as ‘‘Mowilith”, ‘^Gelva”, ^‘Alvar’^ and “Vinylite” (63-55). 
The preparation, properties, and structure of vinyl acetate polymers has 
been discussed by Hermann and Haehnal (J56) and Staudinger, Frey, and 
Starck (57). The polymer can be saponified to a polyalcohol. 

Ethylidene diacetate and its homologs have been cleaved by a number of 
methods to yield acetaldehyde and acetic anhydride. Catalysts employed 



132 


THE CHEMISTRY OF ACETYLENE 


in cleavage in the liquid state include strong mineral acids such as hydrogen 
chloride, sulfuric acid, or better, phosphoric acid (59-64) y oxides of sulfur 
(65), mercuric salts, which remain from the synthesis of the ethylidene 
diacetate (66) y and zinc chloride (67), Ethylidene diacetate may be simul- 
taneously formed and cleaved in a mixture of acetic acid with vinyl acetate 
(64)- Diluents may be used in this process. Cleavage also may be per- 
formed in the vapor phase by heat (68, 69) or with the aid of metallic cata- 
lysts (70, 71) which may be supported on alumina, silica or charcoal. Cof- 
fin and co-workers (72) have investigated the vapor-phase decomposition 
of ethylidene diacetate and have reported that the reaction is homogeneous 
and of the first order. The homologs produced from alkyl acetylenes and 
carboxylic acids yield ketones and acid anhydrides upon cleavage (72, 73), 
A few reviews have discussed the production of acetic anhydride from ethyl- 
idene diacetate (74-77), 
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10. The addition of sulfur and its compounds to acetylenes. Reference 
is made in Chapter V, Section 6, to the formation of carbon disulfide and 
hydrogen sulfide as the principal products when acetylene is passed into 
heated sulfur in attempts to prepare thiophene. No intermediates appear 
to have been isolated (1). In form this reaction corresponds to the com- 
plete oxidation of acetylene to carbon dioxide and water. 

Little is known concerning the addition to acetylenes of compounds 
containing the — SH group. Tomkinson (4) reported the production of 
colored condensates of unknown composition from acetylene and hydrogen 
sulfide at 300-400° in contact with oxides or sulfides of molybdenum, zinc, 
cadmium, or thorium. Guest (^) reports that acetylene reacts with liquid 
hydrogen sulfide to give a little thioacetaldchyde. Patents claim the addi- 
tion of hydrogen sulfide to acetylene under pressure in solution and in the 
presence of potassium hydrosulfide as a method for the preparation of 
trithioaldehyde, ethyl mercaptan, vinylethyl sulfide, or the diethyl ether 
of ethanedithiol (3). The somewhat analogous addition of thiophenols, 
hydrogen disulfide, hydrogen sulfide and sulfur to divinyl acetylene has 
been reported (Chapter V, Section 7). It is of interest to note that mercury 
salts of thio-compounds appear to be but very slightly ionized and to be 
incapable of playing a role in the addition of sulfur compounds similar 
to the mercury catalyzed additions of the oxygen analogs. 
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11. The addition of nitrogen and its compounds to acetylene. Under 
mild conditions of temperature and pressure and in thS absence of catalysts, 
acetylene and its homologs are remarkably inert to most nitrogen com- 
pounds. In fact diazomethane is the only C — H — N compound known to 
react readily with acetylene in the cold and without catalysts. Under 
more drastic conditions a variety of complex condensation products are 
produced, as has been shown in Chapter V, Section 6. Fuming nitric acid 
leads to a number of heterocyclics containing nitrogen (see Chapter V, 
Section 6). For the present purpose only those reactions which involve 
one molecule of acetylene are discussed. 

When acetylene and nitrogen are sparked at atmospheric pressure, carbon 
and hydrocyanic acid are formed, as was first shown by Berthelot (7). Fur- 
ther studies of this reaction were made by other chemists, notably Mixter 
Montemartini (S), Garner {6)y and Francesconi and Ciurlo (7). The 
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conversion of acetylene to hydrocyanic acid can be made quantitative, in 
the presence of excess hydrogen, if the acid is removed by alkalies as soon 
as formed. The most notable byproduct is ammonia. It is likely that the 
primary reaction is the decomposition of acetylene into carbon and hydro- 
gen; these products then react with the nitrogen. Oxygen, if present, reacts 
(4) and may increase the HCN yield {€), If acetylene and nitrogen are 
passed through an electric furnace at 200°, HCN is produced, but at 350° 
the HCN disappears, giving place to a small amount of benzene (7). The 
conversion to HCN is said to be promoted by the corona effect (5). 

Thermal processes involving acetylene and ammonia usually give com- 
plex mixtures of pyridine bases (see Chapter V, Section 6). However, if 
the speed of the gases through the reactor is made very slow, pyridine 
bases are obtained only in small amounts and acetonitrile and other nitriles 
are formed {8). The reaction must proceed, of course, with the loss of 
hydrogen: 

C2H2 + NH, -4 CHsCN -f H, 

It is possible that the reaction mechanism involves pyrolysis of nitrogen- 
containing heterocyclics. Aliphatic amines may be used also, and com- 
pounds of zinc are suitable catalysts. At higher temperatures (700°) 
ammonia reacts with acetylene, ethylene or methane to yield hydrogen 
cyanide {9), 

Patents {10) have been issued claiming the preparation of ethylidene 
aniline from aniline and acetylene in the presence of boron fluoride and a 
mercuric salt, or of cuprous salts. The addition of diaryl amines to acet- 
ylene in the presence of alkalies to produce diaryl vinyl amines also has 
been patented {11), 

Certain catalytic processes involving acetylene and liquid aniline prob- 
ably 3 deld ethylidene aniline and homologs which when heated give prod- 
ucts of the quinaldiae type (see Chapter V, Section 6). When acet- 
ylene is passed into a solution of sulfur in aniline a dithio-oxalanilide, 
(CSNH — C 6 H 6 ) 2 , is said to be formed {12), 

When purified acetylene is passed into an ethereal solution of diazo- 
methane, surrounded by ice, a 50 per cent yield of pyrazole is obtained 
after two days {IS). 

N H— C ^NH 

H— C \ II \ 

H-C Z' II ^ 

CH, H— C C 

Azoimide reacts with acetylene, when heated 70 hours at 100° in a sealed 
tube, to yield 1,2,3-triazole { 14 ), 
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HN 

H— C \ 

III + N 

H— C / 

N 


HC— NH 


5 

2N 

4 8 ^ 


HC— N 


Phenylazoimide behaves similarly and gives 1-phenyl-l ,2,3-triazole. The 
reactions are carried out in acetone solution. 

There are numerous reactions of acetylenic compounds with nitrogen- 
containing compounds which do not take place with acetylene or the alkyl 
acetylenes. All these necessitate that the triple linkage be conjugate 
with a double or triple bond as in the systems, — C^C — C=0 or 
— C=C — C=N. Although some of these reactions apply to a few of the 
substitution products of acetylene cited in Chapter III, they cannot be 
included in this work. 
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Chapter V 

The Polymerization of Acetylene and Condensation 
with Carbon Compounds 

1. Types of Polymerization and condensation reactions. In this chapter 
it is proposed to discuss all the reactions of acetylene in which the triple 
bond is broken and new carbon-to-carbon linkages are formed. These 
reactions may be subdivided into condensations or polymerizations involv- 
ing acetylene alone as a starting material and condensations of acetylene 
with other carbon compounds. Addition reactions in which organic com- 
pounds become attached to acetylene without forming new carbon-to- 
carbon linkages are, of course, not included in this group. 

The self-condensation of acetylene has been brought about by a variety 
of means, including heat, other forms of radiant energy, and catalysts. A 
striking difference in the degree of unsaturation of the end products is 
notable. In thermal condensation the products show little unsaturation 
and are principally aromatic. Heterocyclic compounds may be formed 
when suitable forms of sulfur, selenium or nitrogen are available. The 
inert solid cuprene if produced from acetylene in contact with certain metal- 
lic catalysts also appears to be saturated in character and is probably a 
three-dimensional polymer. On the other hand, some of the liquids and 
solids produced by other physical means and the polymers formed in 
catalytic cuprous salt solutions are highly unsaturated. 

Egloff , Lowry and Schaad {1 ) have compiled an extensive review of the 
condensation and polymerization reactions of acetylene, and a few bibliog- 
raphies on this subject have appeared {2, 3), 
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2. The condensation of acetylene to hydrocarbons which exhibit little 
nnsaturation and are chiefly aromatic. The polymerization and condensa- 
tions of acetylene which occur above 400°, or at even lower temperatures in 
the presence of certain metals or other contact catalysts, is associated with 
a number of complicated side reactions, which include processes of hydro- 
genation and dehydrogenation, further condensations of the simpler 
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derivatives and probably the formation and reaction of free hydrocarbon 
radicals. The final products ordinarily isolated are complex mixtures of 
aromatic hydrocarbons, together with hydrogen, carbon, methane, ethy- 
lene, ethane, lesser quantities of higher paraffins and olefins, and perhaps 
traces of acetylene homologs. The aromatic products which have been 
isolated include benzene, styrene, naphthalene, anthracene (1-3 ) ; toluene, 
diphenyl, fluorene, pyrene, chrysene (4); acenaphthene, phenanthrene (5); 
m- and p-xylene, methylnaphthalene, 1,4-dimethylnaphthalene, tetrahy- 
dronaphthalene (6)\ o-xylene, pseudocumene, mesitylene, hydrindene, 
fluoranthene (7); and higher hydrocarbons of undetermined structure (8). 

These mixtures do not have sufficient commercial value to justify their 
manufacture from pure acetylene under present conditions. Recent 
interest in this process from an industrial viewpoint centers chiefly in the 
possibility of converting methane into liquid hydrocarbons by first pyroly- 
zing it to a mixture of acetylene and hydrogen (see Chapter I, Section 7) 
and then polymerizing the acetylene in the mixed gas. The so called direct 
methods of converting methane to aromatics may pass through these 
stages in a single operation. For this purpose modifications of the process 
are desired which will yield a low-boiling liquid suitable for fuel or sol- 
vent uses. 

The most characteristic product of the thermal polymerization of 
acetylene is benzene, which often forms a major part (20-90 per cent) of 
the liquid product. The mechanism of this polymerization has been 
studied by several workers. In investigating the condensation of acetylene 
in a ^'Pyrex” tube at 400-650°, Pease (9) found that the rate was approxi- 
mately halved by dilution with an equal volume of nitrogen and was 
decreased by packing, and he concluded that the rate-determining process 
was a homogeneous reaction involving two molecules of acetylene. Schlap- 
fer and Brunner (10) independently arrived at the same conclusion. It 
is obvious that two bimolecular reactions accompanied by ring closure 
constitute a more probable mechanism for benzene formation, especially 
in the vapor phase, than the simultaneous union of three acetylene mole- 
cules. Vinylacetylene and divinylacetylene, or radicals derived from them, 
appear to be the most probable intermediates in a bimolecular polymeriza- 
tion process, and small proportions of these substances have been detected 
in thermal polymerizations of acetylene (11-13). In this connection the 
extended structure of vinylacetylene and of divinylacetylene may be 
somewhat significant, because they must apparently undergo an addition 
reaction before the end carbon atoms can approach each other for ring 
closure (see Chapter I, Section 1). From this viewpoint it appears that 
an essential condition for the formation of benzene from acetylene may be 
the presence of a substance which is capable of adding to the chain polymers 
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and again splitting off after ring closure. Accordingly, reactions of hydro- 
genation and dehydrogenation which have heretofore been regarded as 
merely incidental in this process may be in fact an essential part of the 
mechanism for the synthesis of aromatic hydrocarbons from acetylene. 
Still more significant may be the remarkable increase in the proportion 
of light aromatic hydrocarbons when acetylene is condensed in the presence 
of reactive diluents such as steam or added hydrogen. This view is con- 
sistent with current theories of the synthesis of benzene by the pyrolysis 
of lower olefins or paraffins in w^hich the intermediates are thought to be 
chain or cyclic olefinic compounds and naphthenes {H, 15). 

Concerning the origin of the other constituents of the mixtures which 
result from the thermal treatment of acetylene, a number of theories have 
been or may be advanced. The formation of higher aromatic hydro- 
carbons may be accounted for by assuming either substitution in the 
benzene ring or the cyclization of aliphatic chains containing more than 
six carbon atoms. Free hydrogen and carbon may arise from the decom- 
position of acetylene or from the total dehydrogenation of higher aromatic 
compounds as intimated by Berthelot (f), and it may be added that 
some of the chain trimers of acetylene and their higher homologs are knowm 
to carbonize with great readiness. Bone and Coward {16) found that 
a higher percentage of methane is often formed in this process than can 
exist in equilibrium with carbon and hydrogen at the same temperature ; 
accordingly they rejected the direct synthesis of methane from the ele- 
ments and postulated the scission of acetylene to =CH residues, some of 
which decomposed to carbon and hydrogen, and others were hydrogenated 
to methane. Hurd {17) objected to this mechanism because of the high 
energy required for complete rupture of the triple bond, and suggested 
as a possible source of methane the demethylation of some of the higher 
condensation products in the presence of hydrogen. Processes of methyla- 
tion and demethylation or other free radical reactions must also be as- 
sumed to account for the formation of hydrocarbons containing an odd 
number of carbon atoms, such as toluene, which are often found among 
the products. The higher olefins and paraflSns which have been isolated 
from these mixtures provide good evidence of a mechanism of polymeriza- 
tion to chain compounds with attendant hydrogenation. Hexenes and 
octenes have been identified and it is also possible that cyclo-olefins may 
be present. 

Experimental data concerning the thermal polymerization and condensa- 
tion of acetylene, which have been accumulated by a great number of 
workers, show that the composition of the end product varies widely with 
changes in the conditions of reaction. Unfortunately, few of the experi- 
ments have been planned to determine the effects of variations in a single 
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experimental factor. It is evident, however, that the course and extent 
of these reactions are much influenced by the temperature, the duration 
of heating, the dilution of the acetylene, the catalytic effect of the deposited 
carbon or of added metals or other contact catalysts, and probably by 
pressure and other variable conditions, and it is possible to indicate at 
least a few suggestive general trends of the process which are induced 
by variations in these factors. 

The earlier workers stressed the importance of the reaction temperature; 
but, since the heat was usually applied for an interval of from one to 
several minutes, their results are not valid for comparatively short heating 
periods. Berthelot (1) first observed that a complex mixture of aromatic 
hydrocarbons was formed on heating acetylene for about one-half hour 
at the softening point of glass, whereas decomposition to hydrogen and 
carbon predominated at bright red heat or above. Walker (18) reported 
slow condensation of acetylene to a liquid hydrocarbon mixture at 400-450® 
and somewhat more rapid condensation at 550®. Hague and Wheeler (19) 
obtained maximum yields of liquid products at 650-700® in a quartz tube. 
Bone and Jerdan (^0) and Berthelot (^1) showed that decomposition 
was rapid and nearly complete above 1000®. Bone and Coward (16) re- 
ported that polymerization reached a maximum at 600-700® and that 
decomposition and methane formation increased with rising temperature 
and became the principal reaction above 800®. They also found that when 
acetylene was quickly heated in unpacked tubes to about 800®, the decom- 
position was attended by a flash of light and a further rise in temperature, 
and the same phenomenon has been observed by other workers at an 
initial temperature below 650®. The usual way of avoiding this difficulty 
consists in diluting the acetylene, packing the reaction vessel or raising the 
temperature gradually. Thus Meyer and co-workers (4, 5, 7) diluted the 
acetylene with hydrogen and raised the temperature of the mixture by 
stages in passing it through a series of tubes heated at various temperatures 
from 550® to 900®. In contradiction to some of the older work, Kovache 
and Tricot found that the optimum temperature for acetylene con- 
densation was 950® when the gas was passed into a heated porcelain tube 
enclosing a concentric, water-cooled copper tube, which no doubt served 
to shorten the effective heating period. In this apparatus it was found 
that the velocity of the reaction and the proportion of higher-boiling 
hydrocarbons increased with rising temperature. Fischer and Pichler 
(^3) have patented the production of aromatic hydrocarbons from methane 
or methane in coke-oven gas by heating at 1000-1100® for an interval of 
0.05 to 0.2 second, and under these conditions it is highly probable that 
acetylene is formed as an intermediate. It appears that no reliable con- 
clusions can be drawn concerning the effect of temperature on acetylene 
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condensations unless the length of the heating period is also specified. 
In any commercial application of this process it is probable that the 
use of a rather high temperature for a short time interval would prove 
most convenient. 

In the thermal condensation of acetylene the results of dilution with 
other gases depend on the nature of the diluent. Inert diluents would 
be expected to retard the bimolecular reactions of polymerization, and 
while diminishing the danger of flashing and explosion, they appear to 
make necessary either a higher temperature or a more prolonged heating 
period than is required to reach the same stage of reaction in undiluted 
acetylene. Pease (9) has reported a decrease in the rate of polymerization 
of acetylene diluted by nitrogen in the temperature range 400-650°, and 
Fischer, Bangert and Pichler (24) noted that a higher temperature was 
needed to produce oil from acetylene which had been diluted with nine 
times its volume of methane or hydrogen. Hydrogen, which has been 
most frequently used as a diluent, undoubtedly combines with acetylene 
and its polymers as well as producing the effects ascribed to unreactive 
added gases. Thus Binnie (25) reported the conversion of acetylene to 
methane and ethylene when heated at 600° in a silica tube with 24 times 
its volume of hydrogen. A number of other workers, including Meyer and 
co-workers (4, 5, 7) and Fischer, Bangert and Pichler (24), have noted that 
admixture of hydrogen in lower concentrations decreased the tendency of 
acetylene to flash when quickly heated, caused condensation to proceed more 
smoothly, lessened the deposition of carbon and increased the proportion 
of low-boiling liquid products. Dilution with hydrogen is essential when 
acetylene is condensed in contact with iron, nickel, cobalt^or platinum 
(see Chapter I, Section 5) . For these reasons the mixtures of acetylene and 
hydrogen obtained by the pyrolysis of methane or other hydrocarbons appear 
to be especially well adapted for conversion to liquid products. Berl and 
Hoffman (26) obtained the highest recorded yield, 98.8 per cent of liquid 
products, by passing acetylene mixed with 15 per cent of steam at 740° 
through a glass tube packed with porcelain beads. Fischer, Bangert and 
Pichler (24) found that the dilution of acetylene with carbon dioxide before 
heating resulted in raising the proportion of light oils in the product. How- 
ever, Sandonini (28) foimd that water was formed in considerable quantities 
when mixtures of acetylene and carbon dioxide were heated at 200-300°, 
particularly when in contact with iron, nickel and cobalt; accordingly the 
results attributed to carbon dioxide may have been due to water. It 
should be remembered that traces of moisture and also hydrogen from de- 
composition reactions were probably present in nearly all the reported 
experiments on acetylene condensation. Kato and Aikawa (29) describe a 
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method for condensing acetylene in which the preheated gas is mixed with a 
diluent gas at a still higher temperature. 

Changes in the course of acetylene polymerization and condensation 
induced by variations in the pressure of the gas have been little studied, 
but theoretically increased pressures would be expected to promote the 
process. Fischer, Bangert and Pichler {24) found that practically no 
advantage was attained by reducing the pressure from 750 to 200 mm. 
Dangerous explosions result on increasing the pressure of gaseous acetylene 
much above one atmosphere at a temperature suitable for this reaction. 
However, a patent (30) claims that acetylene may be condensed to give 
a very high yield of liquid hydrocarbons while dissolved in an inert oil 
under a pressure of 10 to 200 atmospheres and in the presence of finely 
divided iron or magnesium bromide as a catalyst. 

The role of contact catalysts in this process is somewhat difficult to 
determine and often of short duration, because a coating of carbon is 
practically always deposited during the thermal condensation of acetylene 
at a temperature of about G50® or above and in the absence of reactive 
diluents such as hydrogen and steam. This carbon is thought to influence 
the course of the reaction, and in some cases it may accumulate in a quan- 
tity sufficient to choke the reaction vessel. Zelinsky (31) claimed that 
activated carbon as a packing material reduced flashing and carbon deposi- 
tion and increased the proportion of benzene in the product at 600-650°. 
Iki and Ogura (32) stated that there was little difference in the catalytic 
effects of activated carbon, coke and coalite at 600° and upward. Kovache 
and Tricot (22) could detect no specific influence of activated carbon, and 
found that aluminum oxide, quartz, porcelain, pumice and brick fragments 
were equally effective at an optimum temperature of 650° after becoming 
coated with carbon from acetylene decomposition. Fischer, Bangert and 
Pichler {24) believed that deposited carbon acted as a catalyst for acetylene 
polymerization at 600-650° and Fujio {27) noted a similar effect. Berl 
and Hofmann {26) thought that the more porous forms of carbon favored 
the decomposition of acetylene, and that the denser forms promoted con- 
version to liquids. 

Several metals which are known to promote reactions of hydrogenation 
and dehydrogenation, particularly iron, nickel, cobalt and platinum, 
act chiefly as catalysts for the decomposition of acetylene in the absence 
of hydrogen (see Chapter I, Section 5), whereas in mixtures of acetylene 
with hydrogen the same metals cause rapid hydrogenation and polymeriza- 
tion. In the presence of the metals, these reactions are initiated at a 
much lower temperature of the entering gas and this phenomenon may 
be in part due to the localized heating and compressing effect of the ad- 
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sorption of acetylene and hydrogen at the metallic surface. Moissan 
and Moureu {SS) reported that finely divided platinum or pyrophoric iron, 
nickel and cobalt, which had been reduced in hydrogen, were brought to 
incandescence by the adsorption and reaction of acetylene. Sabatier and 
Senderens {34) have also noted a rise in temperature of these metals in 
contact with acetylene or mixtures of acetylene and hydrogen, and sug- 
gested that this might be due to the heat of reaction of adsorbed hydrogen 
with acetylene. The carbon formed by the decomposition of acetylene 
in contact with these metals has been found to contain the metals in a finely 
divided state, as has been reported for cobalt and iron by Sabatier and 
Senderens {34), for iron and nickel by Hodgkinson {35) and for platinum 
by Schutzengerger {36). For this reason coating of the metals by carbon 
retards the catalytic action only after a very heavy carbon deposit has 
accumulated. When mixtures of acetylene and hydrogen are condensed 
in contact with these metals or their alloys at a suitable temperature, the 
decomposition of acetylene is minimized or prevented and good yields of 
oil are obtained. At room temperature and with a large admixture of 
hydrogen, Sabatier and Senderens {34) found that nickel caused the hydro- 
genation of acetylene to ethylene and ethane and that only small quantities 
of higher paraffins and olefins and a trace of benzene w^ere formed; raising 
the temperature augmented the conversion to liquids, and lowering the pro- 
portion of hydrogen increased the yield of aromatic hydrocarbons. The 
same authors reported similar results with a platinum catalyst. Char- 
itschkov {37) obtained liquid products which were in part olefinic by the 
condensation of a mixture of acetylene and hydrogen over nickel at 300°. 
Fischer, Peters and Koch {38) found that in contact with iron at 300-350° 
some decomposition occurred along with oil formation even when a dilu- 
tion of 91 per cent hydrogen and 9 per cent acetylene was employed. In 
reactions of this type Sabatier and Senderens {34) considered the effective- 
ness of cobalt to be intermediate between that of iron and nickel. Fischer, 
Peters and Koch {38) condensed mixtures of 10 per cent acetylene and 
90 per cent hydrogen at 250° over various alloys of iron-nickel-copper, 
iron-copper and iron-nickel, and converted 30-70 per cent of the acetylene 
to oils in which benzene was the principal constituent. When an alloy 
of ten parts of chromium and one part of nickel was used under the same 
conditions, unsaturated hydrocarbons were found to predominate in the 
light-oil fraction of the product. Fischer and Peters {39) reported that 
better temperature control was made possible in these reactions by suspend- 
ing the metal catalysts in paraffin oil or in hydrogenated methylnaph- 
thalene. Under these conditions nickel caused more extensive hydrogena- 
tion and less polymerization than when used in the dry state at the same 
temperature, only 28 per cent of oils being formed at 250° while the re- 
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maining acetylene was converted to ethylene and ethane. A catalyst of 
nickel and iron in the ratio of 1:9 acting at 200° on a mixture of one part 
acetylene and two parts hydrogen yielded nearly 75 per cent of liquid 
hydrocarbons. Peters and Neumann { 4 .O) studied the effect of iron with 
several different promoters in converting acetylene to liquid hydrocarbons. 
The decomposition of heated undiluted acetylene over palladium has 
been reported by Zalinsky {81)^ and Campbell {4-2), but the effect of pal- 
ladium on mixtures of acetylene and hydrogen does not appear to have been 
investigated. Copper also promotes the hydrogenation of acetylene to 
some extent, but its principal effect is to cause a special type of condensa- 
tion to cuprene with only a small yield of oils (see Section 3). 

A number of attempts to use other substances as catalysts for the 
condensation of acetylene have been recorded. Binnie {25) found that 
nickel carbonyl caused the conversion of as much as 65 per cent of acetylene 
to oil containing a large proportion of olefins when the gas in admixture 
with nitrogen and hydrogen was heated at 190°. Ceric sulfate has been 
patented {43) as a catalyst for the condensation of producer gas containing 
acetylene and methane occurring at 80°. The alkali and alkaline-earth 
metals do not appear to promote acetylene polymerization but yield 
acetylides mixed with more or less carbon. Bahr { 44 ) reported that tin- 
plating of an iron reaction tube aided oil formation until the temperature 
reached 475°, when the tin coating was removed. Fischer, Schraeder and 
Ehrhardt {45) and Fujio {27), on the contrary, noted increased decomposi- 
tion of acetylene in contact with tinned iron. Tiede and Jenische {46) 
reported that manganese favored the decomposition and that a number 
of other metals had no significant effect. Lozovoi {47) employed anhydrous 
zinc chloride at 370-450° as a catalyst for the polymerization of acetylene. 

Apparatus for large-scale condensation of acetylene to liquid hydro- 
carbon has been devised by Gros (48), Ylla Conte (>^P) and Ipatiev {50). 

The polymerization of deuteroacetylene to hexadeuterobenzene has 
been studied by Clemo and McQuillen {51). 

The polymerization of acetylene induced by free methyl radicals has 
been noted by Sickman and Rice {52), Taylor and Jungers {53) and Joris 
and Jungers (^). 

At still lower temperatures acetylene combines with certain chemical 
condensing agents and is then converted to mixtures of substances which 
appear to be chiefly aromatic. The primary reaction of anhydrous 
aluminum chloride is probably a simple addition, but according to Baud 
{43) and Gangloff and Henderson {55) the final product is a solid organic 
material containing aluminum chloride and having a smaller proportion 
of hydrogen than acetylene, but exhibiting no properties of unsaturation. 
Liquid aromatic hydrocarbons in small quantity are evolved on heating this 
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substance. Acetylene is absorbed by concentrated sulfuric acid, and 
especially in the presence of traces of oxygen the final product is a tarry 
material which is thought to be aromatic in nature. The reaction is 
greatly accelerated by the addition of mercury salts; this occurs even in 
dilute sulfuric acid to a certain extent, so that a little tar is frequently 
formed in the production of acetaldehyde from acetylene (see Chapter IV, 
Section 6). 
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3. The condensation of acetylene to cuprene by copper and other 
metallic compounds. Erdmann and Koethner (!) first reported a special 
type of condensation occurring when acetylene was heated to about 230° 
in contact with copper or its oxides. The principal product was a chemi- 
cally inert, very light, microscopically fibrous or cork-like solid, having a 
color ranging from buff to dark brown, w^hich was later named cuprene 
by Sabatier and Senderens {2). Erdmann and Koethner (!) suggested 
the formula C 44 H 66 CU 3 for this substance; but Gooch and Baldwin (3) 
found that the copper content varied from 1.5 to 24.2 per cent, and Alexan- 
der (4) extracted nearly all the copper with a solution of hydrochloric acid 
and ferric chloride, indicating the material to be a mixture of copper or 
a copper compound with one or more hydrocarbons. Sabatier and Sen- 
derens (2) proposed the formula (C 7 H 6 )n for the cuprene hydrocarbon; 
analyses by Kaufmann and Schneider (5) showed compositions varying 
from (CiiHio)* to (CuHio)*, depending upon conditions of formation. 
Calhoun (6) found that the proportion of hydrogen retained in the cuprene 
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decreases while the quantity of hydrogen and hydrogenated by-products 
increases with rising reaction temperature On heating cuprene with zinc 
dust Erdmann and Koethner obtained aromatic hydrocarbons and also 
claimed to have extracted cresol from it by treatment with caustic soda 
solution. It was found by Kaufmann and Monhaupt (7) that cuprene 
did not absorb oxygen in the cold, was halogenated with difficulty, and 
yielded mellitic acid on oxidation with nitric acid. They concluded that 
the one or more hydrocarbons present were probably polycyclic aromatic 
substances with practically no alkyl or unsaturated side chains. Calhoun 
{6) considers cuprene to be a three-dimensional polymer. In such a struc- 
ture numerous cross linkages must be present to produce the observed 
degree of saturation. 

Sabatier and Senderens {2) found hydrogen and hydrogenated deriva- 
tives, such as ethylene, ethane and higher paraffins, as well as simple aro- 
matic hydrocarbons, including benzene and styrene, among the by-products 
of cuprene formation at 180-250°. The formation of liquid by-products 
also has been reported by a number of other workers. Schlapfer and 
Stadler (5), in describing a process for the manufacture of cuprene at 250- 
300°, stated that the total yield comprised 75-80 per cent of cuprene, 5.5- 
7 per cent of tar and 13-17 per cent of gases. The tar was mainly aromatic 
with smaller proportions of olefins and paraffins and contained hexene, 
octene, benzene, styrene, naphthalene, anthracene and some methyl, 
ethyl and propyl derivatives of these aromatic hydrocarbons. Calhoun 
(^), on circulating acetylene over a cupric oxide catalyst at 250-350°, 
obtained yields averaging about 85 per cent of cuprene and 10 per cent of 
tar, and recovered the remaining material as ethylene, ethane and hy- 
drogen. 

It has been claimed that either metallic copper or certain of its com- 
pounds may act as catalysts for the formation of cuprene from acetylene. 
However, Erdmann and Koethner (I) reported that copper caused a 
slower reaction than oxides of copper, or a material made by heating anhy- 
drous copper ferrocyanide in air. Gooch and Baldwin {3) stated that 
cuprene was formed only over the oxidized portion of a piece of copper 
gauze. Kaufmann and Monhaupt (7) found that cuprene was not formed 
from very pure acetylene over reduced copper at 230-300°. Horwitz 
has patented the addition of oxygen or oxygen supplying substances to the 
acetylene used in the process. Alexander {4), Sabatier and Senderens {2), 
and Hilpert {9) employed the metal as a catalyst, and Schlapfer and 
Stadler {8) have described a commercial process using the metal; however, 
it should be remembered that acetylene prepared from carbide nearly 
always contains a small proportion of oxygen (see Chapter I, Section 4). 
A copper compound of acetylene appears to be formed as an intermediate 
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in the reaction and some copper is distributed throughout the mass of 
cuprene. For this reason loss of catalyst activity through coating is long 
delayed, and cuprene, because of its copper content, also serves to catalyze 
the process. Calhoun (6) noted that an induction period occurred when 
copper oxide was used as a catalyst, and proposed a chain polymerization 
mechanism for the process. 

A patent of the Elektrizitatswerk Lonza (10) specifies carrying out the 
reaction in an inert, high-boiling oil, with a copper bronze catalyst and 
diluting the acetylene with nitrogen, and Fischer and Peters {11) described 
a somewhat similar method. A few other modifications of the process 
have also been patented. Lichtenhahn (1^) has patented the use of 
nitrogen as a diluent for acetylene in the manufacture of cuprene. 

A few other metals and combinations of metals also convert acetylene 
into cuprene at temperatures of 200-300° (13). Sabatier and Senderens 

(2) reported that nickel became coated with cuprene on heating at 180- 
300° for a long time in a slow current of acetylene, and in like manner 
cobalt caused the formation of a little cuprene along with much carbon 
and some gaseous and liquid hydrocarbons. Fischer, Peters and Koch 
( 14 ) noted condensation to cuprene over a copper-iron alloy containing 
over 10 per cent of copper. Patents claim the preparation of cuprene 
with catalysts consisting of copper, nickel, iron or their oxides treated 
with a small quantity of magnesium (15), as well as the addition of a small 
proportion of stannic oxide to the copper catalyst as a promoter (16). 
The formation of liquid and solid products from acetylene in the presence 
of aluminum chloride has been noted in Section 2. 

Solids resembling cuprene in physical properties also have been produced 
by the action of various types of radiation on acetylene (see Sect. 4). 

The light weight, chemical inertness and absorbent properties of cuprene 
make it suitable for many industrial uses, and patents covering these 
applications have been reviewed (/7, 18). 
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4. Pol 3 rmerization of acetylene by physical means other than heat. 

The polymerization of acetylene has been promoted by a number of 
physical methods, and in several cases the product is a solid with physical 
properties somewhat resembling those of cuprene. However, several of 
these polymers differ from cuprene by reacting with oxygen in the cold; 
and accordingly must have much less cyclic or cross linked structure than 
cuprene prepared in contact with metal catalysts. 

Mund and Koch (1) and Lind, Bardwell and Perry (2) studied the effect 
of alpha particles on both pure acetylene and acetylene diluted with 
inert gases. They reported the reaction of about twenty molecules of 
acetylene for each ion pair produced, and suggested that a cluster of 
acetylene molecules surrounding a positive gas ion is neutralized by an 
electron resulting in polymerization of the cluster to a compound of high 
molecular weight without the formation of any simple intermediates. It 
was found later {3) that the solid product combined with oxygen at room 
temperature. 

Roemer {4) and Bone and Wilson {6) reported the decomposition and 
polymerization of acetylene by sunlight, but it appears from later investiga- 
tions that the acetylene probably contained some reactive impurity. Rein- 
icke {6) and Toul (7) could detect no change in acetylene exposed to 
sunlight. Several investigators {6-11) have reported the polymerization 
of acetylene to a yellow or brown, inert and insoluble solid by the light 
from a mercury- vapor arc. Livingston and Schiflett {12) found that 
benzene, a yellow, viscous liquid, and two solid products were formed from 
acetylene exposed to light from a quartz mercury-vapor arc at 270-376°. 
Kemula and Mrazeck {IS) confimed this result and studied the simpler 
compounds formed by means of absorption spectra. Lind and Livingston 
{9) reported that light of wave lengths longer than 2537 A was not effective 
in this reaction, that the quantum yield was 9.2-bl.5, and that the reaction 
appeared to occur in a single step without the formation of simpler products. 
Bates and Taylor { 14 ) and Melville {16) reported the mercury-photo- 
sensitized polymerization of acetylene. Kato {31) reported the formation 
of both benzene and a cuprene-like solid by the action of light of various 
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wave lengths at 0°. Moens and Juliard {16) reported the polymerization 
of acetylene, to a- yellow -powder when subjected to:high.-frequency electro- 
magnetic fields. 

Kinoshita {17) noted the decomposition of acetylene by canal rays, 
and also a drop in pressure of the gas, indicating polymerization. Glockler 
and Martin {18) observed the polymerization of acetylene to a solid by 
slow electrons. 

By employing a high-frequency electric discharge through acetylene 
with the electrodes at —60°, Mignonac and Saint Aunay {19) obtained 
the trimers dipropargyl, HCsC — CH 2 — CH 2 — CsCH, 3-methyl-l:4- 
pentadiyne, HC=C — CH(CH8)CsCH, and divinylacetylene, H 2 C=®CH — 
C=C — CH=CH 2 . They considered that these resulted from combination 
of acetylene with vinylacetylene. A number of earlier investigations {^0) 
had shown that acetylene was polymerized by the more extended action 
of the silent discharge to either a very insoluble solid or to a liquid which 
usually solidified on standing. Both the solid and the liquid material had 
approximately the same composition as acetylene and combined readily 
with oxygen, showing that they were highly unsaturated. By maintaining 
a comparatively low temperature during the reaction liaufmann {^1) 
obtained only a liquid mixture of rather high boiling point which became 
solid on standing or heating, and which absorbed bromine readily and gave 
a precipitate with alcoholic silver nitrate, showing the presence of mono- 
substituted acetylenes. It is evident that the silent discharge in acety- 
lene produces a much greater variety of aliphatic polymers than polymeri- 
zation in cuprous chloride solutions (see Chapter V, Sect. 7). Volmar and 
Hirtz {£2), Lind and Schultze {^3) and Montagne {34) found that when 
mixtures of acetylene with hydrogen were exposed to the silent discharge 
both polymerization and hydrogenation of acetylene and its polymers 
occurred, 

Coolidge {35) j McLennan, Perrin and Treton {36), and Marshall {37) 
reported that acetylene w^ polymerized to a yellow solid without the 
elimination of hydrogen by the action of cathode rays, and Marshall noted 
that this material took up about 30 per cent of its weight of oxygen on 
standing in air. In this it resembled the higher polymers prepared from 
acetylene by means of the silent discharge or by the further polymerization 
of vinylacetylene and divinylacetylene. 

Lind, Jungers and Schiflett {38) compared the polymerization of acety- 
lene and deuteroacetylene to solid products by the alpha radiation from 
radon. Mund and Rosenblum {39) studied the absorption spectrum 
of the products during the polymerization of acetylene by radon radiations 
and observed benzene formation. Rosenblum {SO) discussed the mechan- 
ism of the polymerization. 
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5. The condensation of acetylene with other compounds of carbon. 

A few condensations have been observed in which one molecule of acetylene 
reacts with one or more molecules of another carbon compound, the carbon 
skeletons becoming directly linked together. The substances which have 
been found to add to acetylene in this way include hydrogen cyanide, the 
simple olefins and paraffins, a number of aromatic hydrocarbons and their 
derivatives, and a few acyl halides. 

Francesconi and Ciurlo (1) found that succinic dinitrile was produced 
along with the corresponding isonitrile by the condensation of acetylene 
with hydrogen cyanide in the silent electric discharge. A process has 
been patented (^) for the preparation of acrylonitrile by heating a mixture 
of acetylene and hydrogen cyanide over various catalysts including barium 
cyanide and active carbon. 

Heinemann (5) has patented the production of propylene by the con- 
densation of acetylene and methane at 100-200° over a catalytic alloy of 
one of the metals iron, nickel, copper, silver or aluminum with one of the 
metals of the platinum, palladium, iridium group. Patents (4) cover the 
manufacture of propylene or higher olefins by the condensation of acetylene 
with methane or higher paraffins at 200-350° over catalysts including oxides 
or compounds of silicon, titanium, molybdenum, tungsten, thorium or 
zirconium. It was proposed to employ these olefins for further synthesis, 
for example to produce isopropyl alcohol and acetone from propylene. 
Under ordinary conditions olefins can be manufactured much more cheaply 
by petroleum cracking processes than by synthesis from acetylene, and 
this method was probably intended chiefly as an emergency measure to 
insure supplies of olefins. 

The production of aromatic hydrocarbons by heating a mixture of acety- 
lene with olefins on contact with catalysts consisting of carbon, silicon, 
lead, tin, zinc, aluminum or their alloys has been patented (5), In a 
modification of this process acetylene and ethylene heated in a tin-lined 
manganese-copper tube yielded 13 per cent of butadiene. The products 
of these condensations appear to be chiefly aromatic at temperatures above 
about 500° and chiefly olefinic in the lower part of the temperature range, 
Kozlov and Fedoseev (6) and Klyukvin (7) have also reported experiments 
on the preparation of butadiene from mixtures of ethylene and acetylene 
over aluminum oxide and other catalysts at 200-600°. Ylla Conte (8) 
patented the condensation of acetylene in the absence of catalysts with 
other hydrocarbons which were preheated to 300-700°. The authors (9) 
have condensed acetylene with ethylene or propylene in a sulfuric acid 
solution containing mercurous or mercuric sulfate. A liquid of wide 
boiling range resulted which appeared to consist mainly of hydroaromatic 
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hydrocarbons of terpene-like odor. Klatt {10) described the formation 
of an oily product from a mixture of acetylene and ethylene over coke or 
graphite at 500-900®. 

Schutzenberger {11) investigated the condensation of acetylene with 
benzene promoted by an electric discharge and obtained a solid which 
absorbed oxygen and somewhat resembled the products from acetylene 
alone. 

Varet and Vienne {12) first reported the condensation of acetylene and 
benzene in the liquid phase with aluminum chloride as a catalyst and 
claimed a high yield of styrene with a smaller yield of unsymmetrical 
diphenylethane, but this synthesis of styrene has not been duplicated by 
later workers. Cook and Chambers {IS) identified dime thy Ian thracene 
dihydride among the products of this reaction. Boeseken and Adler {14) 
noted that the principal product appeared to be a substance of high molecu- 
lar weight produced from approximately equimolecular proportions of 
benzene and acetylene. Most of this material could not be depolymerized 
to styrene by heating and accordingly w^as considered to differ from ordinary 
polystyrene. Judging from the structure of the simple products, it is 
reasonable to suppose that the higher hydrocarbons are formed chiefly by 
the linkage of several benzene nuclei through ethylidene groups : 


CeHs— CH- 

I 

CH, 


‘c«H 4— cn' 

I 

CH,. 


-CeHfi. 


Waterman {16) has patented the addition of acetylene to the aromatic 
hydrocarbons of petroleum fractions in the presence of aluminum chloride 
to produce lubricating oil and resins. 

A similar condensation of acetylene with aromatic hydrocarbons in 
the liquid phase at room temperature or lower was investigated by Reichert 
and Nieuwland {16), who employed a small quantity of concentrated sul- 
furic acid with mercuric sulfate as a catalyst. The hydrocarbons used were 
benzfine, toluene, xylene, mesitylene and ethylbenzene. Yields of from 
20-50 per cent of the corresponding unsymmetrical diphenylethane deriva- 
tives and lesser quantities of the corresponding dimethyldihydroanthra- 
cenes were reported. The diphenylethane compounds were found to be 
high-boiling oils stable up to approximately 350®. Reilly and Nieuwland 
{17) extended the method to the condensation of acetylene with tetrahy- 
dronaphthalene and with a number of monoalky Ibenzenes. They stated 
that diphenyl, diphenylmethane, triphenylmethane, sym-diphenylethane 
and naphthalene failed to react with acetylene under the same conditions. 
Wenzke and Nieuwland {18) studied the condensation of acetylene with 
phenols in alcoholic sulfuric acid containing mercuric sulfate. Phenol, 
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the cresols, hydroquinone, pyrogallol and phloroglucinol reacted readily 
with acetylene in this way, but no simple products were isolated. Acety- 
lene became linked to two molecules of resorcinol in a position ortho and 
para to the hydroxyl groups forming ethylidene diresorcinol. By the 
spontaneous loss of a molecule of water this compound was converted to 
the internal ether, dihydroxymethylxanthene, which was changed to 
hydroxymethylfluorene by oxidation. Acetylene united with two mole- 
cules of alpha-naphthol in the position para to the hydroxyl groups, giving 
ethylidene-di-alpha-naphthol. Beta-naphthol reacted mainly like the 
aliphatic alcohols to give the acetal with only a minor proportion of ethyli- 
dene-di-beta-naphthol. Ortho- and para-nitrophenols, phenolsiilfonic acid, 
methyl salicylate and phenetole did not react with acetylene by this 
method, and it was concluded that meta-directing substituents prevented 
linkage of the acetylene residue to the ring and that orthopara substitution 
ordinarily occurred. Flood and Nieuwland (fP), using methyl alcohol 
as a solvent, showed that resorcinol and resorcinol dimethyl ether reacted 
with acetylene to form the corresponding vinyl derivative as a primary 
product. 

Syntheses of this type leading to the preparation of styrene, unsym- 
metrical diphenylethane and its derivatives, and anthracene derivatives 
might be of value if the yields were good and the formation of more highly 
condensed products could be eliminated. In the liquid phase it appears 
very difficult to stop the reactions at the simpler products. 

Reppe and Keyssner (20) have patented the condensation of acetylene 
with phenols at 100-300^ in the presence of an amine, such as piperidine 
or cyclohexylamine, or of zinc and cadmium salts. Kozlov and Mazo {21) 
have also patented the condensation of acetylene with phenols. Cornillot 
and Alquier {22) have reported the condensation of acetylene and acetyl 
chloride in the presence of aluminum chloride to form methyl-beta-chloro- 
vinylketone. Kroeger, Sowa and Nieuwland {28) added acetyl chloride 
to a number of alkyl- and dialkylacetylenes. The main reaction proceeded 
as follows (R, R' = hydrogen or alkyl groups) : 

R— C=C— R' + CHjCOCl ^ R— C=C— R' 

I I 

Cl COCH, 


Cl 

I 

Considerable chloroolefin, RC=CHR', was obtained in each instance. 
Stannic chloride in small amounts proved to be an effective catalyst. 

Gustafson { 24 ) and Ciocca and Scattola {25) reported the condensa- 
tion of ethyl acetoacetate with acetylene in the presence of mercuric salts. 
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6. The preparation of heterocyclic compounds from acetylene. A few 

heterocyclic substances have been made by the condensation of two 
or more molecules of acetylene with a compound of nitrogen, or with 
sulfur or selenium or their compounds. It has been suggested (1) that 
dimerization of acetylene to a conjugated compound is probably the first 
step in these syntheses. The reactions are closely related to the condensa- 
tion of acetylene to aromatic hydrocarbons and take place under similar 
conditions. For this reason the reaction product is usually a mixture of 
heterocyclic substances along with aromatic hydrocarbons formed from 
acetylene alone. The heterocyclic derivatives are potentially valuable, 
but the reported yields from acetylene condensations are scarcely high 
enough to make these processes practicable. 

Dewar (S) noted the formation of pyrrole along with ammonium cyanide 
when acetylene mixed with hydrogen cyanide was passed through a hot 
tube. From a mixture of acetylene, or acetylene and illuminating gas, 
with hydrogen cyanide heated at 800° Meyer and Tanzen (S) obtained 
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pyridine and homologs of pyridine. Among the products from acetylene 
and hydrogen cyanide Meyer and Wesche (4) identified pyrrole, pyridine, 
quinoline, aniline and benzonitrile. Since ammonia is formed from 
hydrogen cyanide in this reaction, the pyrrole may originate in a condensa- 
tion of acetylene with ammonia. 

Chichibabin (5) and Chichibabin and Moschkin (6) heated acetylene 
with ammonia in contact with alumina and produced a condensate con- 
taining pyrrole, alpha- and gamma-picoline, beta-collidine, other collidines 
of unknown structure, 1 ,4-dimethylpyridine and other substances. Meyer 
and Wesche (4) isolated pyrrole, pyridine, aniline, benzonitrile, quinoline, 
indole and a few aromatic hydrocarbons among the ]:>roducts of the thermal 
treatment of an acetylene-ammonia mixture. Patents have been issued (7) 
covering the reaction of acetylene with ammonia over bauxite and similar 
metal oxide catalysts in the presence of water vapor to produce acetonitrile 
and other nitriles and nitrogen bases such as pyrrole and picoline and their 
homologs. Brutzkus (8) claimed the formation of like products in a com- 
pression apparatus. Patents (P, 1 0) also describe the condensation of acety- 
lene and ammonia over oxides of zinc, zirconium or thorium to produce 
denaturants for alcohol, and the use of chlorides of zinc, cadmium, 
iron or copper as catalysts for the formation, among other products, of 
methylated homologs of pyridine, which could be hydrogenated to piperi- 
dine bases. 

In a few cases condensations of acetylene with amines have been ob- 
served. Chichibabin (5) identified indole and gamma-methylquinoline 
formed in the reaction of acetylene with aniline at 360-420° over aluminum 
oxide. Majima, Unno and Ono (11) reported the formation of indole 
and carbazole from acetylene and aniline heated to 700° with a nickel 
catalyst in an iron tube. The condensation of alkyl or aryl amines with 
acetylene in contact with a catalyst such as zinc chloride has been patented 
(10). Homologous quinoline bases were obtained from acetylene with 
aniline, ortho-toluidine, meta-xylidine, n-ethylaniline, orthochloroaniline, 
etc. Claims were also made covering the production of hydroquinoline 
derivatives from acetylene, aniline and hydrogen over oxides of chromium, 
zinc or aluminum supported on silica gel. The production of resinous ma- 
terials from acetylene and aniline in the presence of a mercury salt has 
also been patented (12). The authors (IS) made quinaldine and homologs 
of unknown structure from acetylene and aniline in an aqueous sulfuric 
acid solution containing mercuric sulfate, but in this case acetaldehyde was 
probably an intermediate. Willihnganz and Nieuwland (14) observed the 
condensation of acetylene with liquid aniline in the presence of mercuric 
chloride. Kozlov and coworker’ (15-24) obtained condensation products 
such as quinaldine from acetylene and aniline or its homologs or derivatives 
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in the presence of salts of copper, mercury and silver and investigated the 
mechanism of these reactions. 

The reaction of acetylene with fuming nitric acid is of considerable inter- 
est because of the peculiar condensation products which may be obtained. 
Baschieri {25) passed acetylene into fuming nitric acid and obtained carbon 
dioxide and nitroform together with a mixture of acids and two neutral 
substances, one a yellow oil (b. p. 92 ® at 15 mm) and the other a solid, 
C6H4O3N4. Testoni and Mascarelli {26) repeated Baschieri ’s experiments, 
with some modifications, and found, in addition to the above products, a 
straw-yellow explosive substance and a monobasic acid, C4H3O3N. The 
explosive substance was found {27) to have the formula C4H2O7N6; upon 
heating in petroleum ether it decomposed to C4H2O3N4 and N2O4. 

Quilico and Freri recently undertook the study of these reactions and 
were able to identify many of the condensation products {28). Thus the 
acid of Testoni and Mascarelli (C4H8O3N) was proved to be alpha-isoxa- 
zolecarboxylic acid, 

N-— O 


CH C— COOH. 

\c/ 

I 

H 

The explosive compound (C4H2O7N6) was identified as 
H0N=C C C C=NOH, 

I II II I 

NO, N N 0,N 

\o/ 

and its decomposition product (C4H2O8N4), formed by loss of N2O4, was 
established as 

0 

1 II 

NO(NCO)N— C CH. 

H 

Compounds of oxygen do not usually form heterocyclic derivatives on 
condensation with acetylene, but Stuer and Grob ( 7 ) claimed that furan 
derivatives were present among the products when acetylene was heated 
with steam in contact with bog iron ore. 

V. Meyer and Sandmeyer { 29 ) detected thiophene upon passing acety- 
lene through boiling sulfur. Capelle {SO) obtained traces of thiophene, 
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carbon disulfide and hydrogen sulfide on heating acetylene with sulfur, and 
de Coninck ( 31 ) made a little thiophene in this way. This reaction has 
been investigated by other workers with similar results ( 33 ), Steinkopf 
and Kirchhoff ( 33 ) prepared thiophene mixed with other products by passing 
acetylene over pyrites or other sulfur-containing compounds at 300°. 
Chichibabin ( 5 ) and Chichibabin and Bagdassarjanz ( 34 ) investigated the 
reaction of acetylene with hydrogen sulfide when heated in contact with 
alumina and other metal oxides. Meyer and Wesche ( 4 ) obtained thio- 
phene from heated acetylene mixed with hydrogen sulfide and hydrogen, 
and when coal gas was added to the mixture they isolated thiophene, 
thioxene and thionaphthene from the final product. Patents (7) have been 
issued claiming the condensation of acetylene with hydrogen sulfide at 
300-500° over bauxite to give thiophene and its homologs. Briscoe, Peel 
and Robinson ( 35 ) claimed that a condensate formed from acetylene and 
carbon disulfide at 700° contained 10 per cent of thiophene. 

Briscoe, Peel and Robinson ( 36 ) prepared the analogous selenophene from 
acetylene and selenium vapor at 400°. 
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7. The polymerization of acetylene by cuprous salt catalysts.* Early 
work of Nieuwland relating to the reactions of acetylene {1) led to the obser- 
vation that when acetylene was passed into a solution of cuprous chloride 
in sodium or ammonium chloride, there was developed a peculiar odor, 
quite unlike that of acetylene. Further investigation revealed that a satu- 
rated solution of cuprous and ammonium chlorides would absorb a sub- 
stantial volume of acetylene and, upon subsequent distillation, would yield 
a portion of the acetylene converted to a highly refractive liquid vdiicli 
corresponded to the molecular formula CeHe and which later proved to be 
the new compound divinylacetylene (l,5-hexadiene-3-yne) {2, 3). The 
E. I. Du Pont de Nemours & Company had been interested in the utiliza- 
tion of acetylene as a raw material for the synthesis of a substitute rubber, 
and upon learning of the novel Nieuwland reaction, arrangements were 
made to continue the study with the general purpose of broadening the 
knowledge of acetylene polymerization. Although a satisfactory syn- 
thetic rubber was not obtained from divinylacetylene, it proved to be a 
suitable raw material for the preparation of drying oils of unusual proper- 
ties, and the investigation of its polymerization led to a commercial process 
for the manufacture of vinylacetylene (l-butene-3-yne) which subsequently 
proved to be the basic raw material for the first commercially successful 
S3mthetic rubber, neoprene, formerly called by the trade name **Du- 
prene’' (4). 

♦ Sections 7, 8, 9, and 10 of this chapter were written in 1938 by Dr. A. S. Carter 
and Dr. H. W. Starkweather of the Jack^ion Laboratory, E. I. du Pont de Nemours & 
Company. 
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The neoprene process involves three basic steps: 

(1) Acetylene polymerization to vinylacetylene, 

2 HC^CH-^HfeC— CH«=CHs 

(2) Vinylacetylene hydrohalogenation to chloroprene, 2-chloro-l,3- 

butadiene, 

HfeC— CH-=CH 2 + HC 1 -CH 2 =CC 1 — CH=«CH 2 

(3) Polymerization of chloroprene to a rubber-like material, neoprene. 

These reactions as carried out commercially by the du Pont Company to 

produce neoprene, and as duplicated by the Russians to produce ^‘Sovprene’’ 
(5) are the subject of many reviews {5-27). 

A substantially saturated aqueous solution of ammonium or alkali 
chloride and cuprous chloride will absorb acetylene with the formation of a 
heterogeneous crystalline mass of dissolved and precipitated addition 
products (4, 28). Upon subsequent distillation, acetylene and higher 
polymers are recovered, the proportion of the latter increasing to approxi- 
mately 100 per cent as the interval between charging and distillation 
approaches 120 hours. The polymer product resulting from this ageing is 
essentially a trimer, di vinylacetylene, and a tetramer, 1 ,5,7-octatriene-3“ 
yne. However, a continuous process {8, 29) in which acetylene is intro- 
duced and removed continuously, isolating intermediate products formed 
in small amounts, reveals the fact that vinylacetylene {30) is the primary 
polymerization product, and this subsequently combines with acetylene or 
with itself to form the trimer and tetramer. It is probable that a cuprous 
chloride addition product of vinylacetylene exists {4, SO, 31) in a form 
analogous to that formed with acetylene, and this constitutes the reactive 
constituent in the formation of the higher polymers. The first step of the 
reaction appears to be monomolecular; the ratio of products under various 
conditions of operation would indicate that one molecule of acetylene or 
vinylacetylene is activated by the catalyst, and thereafter adds to a second 
acetylenic molecule, thus providing the following possibilities: 

CjHg CjHs* 

C2H2* + C2H2 ► HC^C~CH«=CH2 

C2H,* -H HCfeC— CH«=CH 2 ► CHi-=CH— feC~*CH=CH 2 

HCsC— CH«=CH2 C4H4* 

C4H4* 4 - C2H2 ► CH2=«CH— CH«=CH-~C=CH 

C4H4* 4- C4H4 ^ CH2=CH— CH=-CH— CH-«CH2 

Several theories of the mechanism of the polymerization have been ad- 
vanced {32-34)- All of the products indicated above have been identified 
in the mixture obtained by the pol 3 maerization of acetylene in the presence 
of cuprous chloride (4, S5). Further, l,3-hexadiene-5-yne, which still 

* Indicates the active molecule, that is the molecule associated with CuaOh. 
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' possesses acetylenic hydrogen, might react mth (a) acetylene, (b) vinyla- 
cetylene or (c) itself to produce respectively (a) l,3,5-octatriene-7-yne 
or l,3,7-octatriene-5-yne, (b) two decatetraeneynes, and (c) one dode- 
capentaeneyne. These have not been isolated, but traces of higher molecu- 
lar weight hydrocarbons indicate their probable existence in the polymer 
product. 

Numerous variations in the catalyst have improved its physical proper- 
ties and durability. Traces of acetaldehyde and chlorinated hydrocarbons 
are produced simultaneously with the polymerization. In part, this may 
be controlled by the state of reduction of the mixture through the addition 
of metallic copper, and in part through control of the pH of the catalyst by 
returning chlorine as hydrogen chloride, equivalent to that lost as chloro- 
derivatives (36, 37). Amines (3, 4, SO, 38) and alkali and alkaline-earth 
salts (4, 39) have been used in the capacity of ammonium chloride to 
solubilize the cuprous chloride addition salts, and the catalyst has been used 
in a relatively dehydrated state for vapor phase polymerization of acetylene 
(40, 4^)- The catalyst has been compounded in non -aqueous solvents such 
as glycerol and glycols (42) and in organic acid media (36, 43) such as mix- 
tures of acetic acid and pyridine. Dispersing agents have been added to 
improve the physical properties of the mixture (44)- 

Two forms of catalyst contact have proved satisfactory, (a) a horizontally 
agitated catalyst vessel (29, 30) and (b) a tower-type (45-48) in which the 
catalyst is circulated, generally counter current to the stream of gas. The 
latter type has been described particularly for use in the reaction of dilute 
pyrolysis acetylene without isolation (45, 46). Batch manufacture is suc- 
cessful for divinylacetylene, but a continuous process (30) in which a con- 
version of 10 to 30 per cent is obtained is essential to obtain good yields of 
the intermediate vinylacetylene. In the continuous process a relatively 
fluid catalyst such as a saturated solution corresponding to the molecular 
formula CU2CI2 * 2NH4CI operated at 50-75° is convenient. The pH of the 
catalyst must be adjusted in the absence of acetylene; thus the pH may be 
brought to 1.5 as determined by the glass electrode prior to the addition of 
acetylene; but when saturated with acetylene, it will drop to an unmeasur- 
able value as though acetylene were acting as an acid of phenomenal 
strength. The pH during operation can be readjusted when necessary by 
boiling out acetylene and polymers to obtain the original uncharged con- 
dition. 

A typical vinylacetylene plant is illustrated in Figure 1 (30). Unit 7 
constitutes a catalyst tube, having a volume approximately twice that of 
the catalyst, cylindrical, mounted horizontally and carrying a horizontal 
agitator shaft with blade-type paddles. The material of construction may 
be copper; and the tube may be conveniently mounted on railroad trucks 
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to facilitate removal and replacement during catalyst changes. Gases 
leaving the catalyst tube pass through an entrainment catcher and thence 
to unit 9, a preliminary condenser in which water and occasionally small 
amounts of divinylacetylene (DVA) are removed, the condensate being 
separated continuously into a water layer, which is returned to the catalyst 
at 19, and an oil layer which is removed at 10 and treated as divinylacety- 
lene in the subsequent process. Gases from the separator are compressed 
and dried by contact with calcium carbide (49). Dry compressed gas is 
introduced into the low-temperature condenser at 12, operated slightly 
above the boiling point of acetylene, to which refrigeration is supplied from 
an external source such as multi-stage centrifugal compressors. Uncon- 
densed acetylene in 12 returns to the catalyst via 18, pump 3 and a pre- 
heater 5, as shown. The low-temperature condenser system may be built 
in duplicate, as indicated, to facilitate thawing in the event that ice accu- 
mulates in condenser 12. The liquid condensate is warmed to the boiling 
point of vinylacetylene in 13; the off-gas is returned to 7 via 15 and the 
liquid is delivered to storage 14 for subsequent purification. In view of the 
fact that the residue of divinylacetylene is thermally unstable, heat may be 
applied to the purification still by means of a flat plate film-evaporator with 
a low-temperature differential between the heating medium and the distill- 
ing liquid. Volatilized vinylacetylene (M VA) may be condensed and stored 
in tanks, or directly delivered to the chloroprene unit after scrubbing with 
bisulfite to remove acetaldehyde (50), Numerous heat exchangers may be 
placed in the system at advantageous points to recover refrigeration. In 
the figure shown, for example, heat exchange might be established between 
the gases in the following locations : 8 with 6, and 1 1 with 18. Under certain 
circumstances the apparatus may be rearranged to advantage; for example, 
the gas from 13 may be returned through 15 to line 11 if its content of 
vinylacetylene is high, 

Divinylacetylene discharged from the purification still may be combined 
with that obtained in the process at 10; this may contain a small amount of 
vinylacetylene, justifying further working, or it may be piped directly to 
the polymerization unit for the manufacture of synthetic drying oil, or other 
disposition. In the system outlined, fresh acetylene is fed in through an 
automatic valve at 2 to maintain a constant pressure on the reactor, there- 
fore replacing that which is polymerized. The pressure on the condensing 
system may be higher than the reaction pressure, and in this case, the higher 
level is reduced to the reactor pressure at an automatic valve in line 16, 
maintaining a constant pressure on the condensation system, and pump 3 
may be located in line 11. 

Early in the work on divinylacetylene, it was found that contact with air 
resulted in the formation of explosive products. In view of the fact that 
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divinylacetylene readily oxidizes to form peroxides which detonate with a 
violence comparable to mercury fulminate, special precautions are required 
to guard against leaks in valves and process lines, and a special technique 
has been necessary in handling it {51, 62). 

Other processes for the manufacture of vinylacetylene have not become 
commercially important. Vapor-phase processes have been described 
{ 40 , 4U SS). 

Poor yields have been obtained by thermal polymerization of acetylene 
{54) over certain metals {55) and salts {53); by photopolymerization of 
acetylene {56) and by silent discharge {57-59), for example in amylene. It 
has been found that butadiene obtained from petroleum cracking contains 
vinylacetylene to the extent of 0.7 per cent {5). 

Vinylacetylene and divinylacetylene have been prepared by the action 
of zinc in butanol on 3-ethoxy-4-bromo-l-butyne and 2,5-diethoxy-l,6- 
dibromo-3-hexyne, respectively {60, 61), and from diacetylene hexabro- 
mide {62). 

The first preparation of vinylacetylene was by exhaustive methylation of 
tetramethyl-1 ,4-diamino-2-butene {63), which has been developed as a 
laboratory method {64) • Homologs of vinylacetylene have been prepared 
by dehydration of carbinols {65--67) such as 3-methyl-l-butyn-3-ol {68, 69). 
The literature relating to the preparation of suitable carbinols is extensive, 
particularly the preparation from alkylene oxides {70), aldehydes {65, 71, 
72) or ketones {65, 73, 74) with sodium acetylide or calcium carbide {75, 76). 
Homologs have also been prepared from dihaloalkenes by removal of two 
molecules of HX (77). 

Vinylacetylene, C4H4, is a colorless liquid having a sharp, sweet odor 
associated with synthetic butadiene; between —3° and —80°, its density is 
given by the equation Dl = 0.7095 — 0.001 14^; the following vapor pres- 
sures illustrate the behavior in the normal range. 


aperature (*C) 

Vapor Preesure (mm) 

-36 

100 

-19 

250 

-9.6 

400 

+5.5 

760 

+30 

1750 


The flame temperature, heat of combustion and heat of dissociation have 
been calculated {78), and the use of vinylacetylene as a welding fuel has 
been proposed {79-81). Infrared {82-84) and Raman spectra {85, 86) have 
been investigated. The structure of vinylacetylene has been proved by 
hydrogenation, bromination and hydration, the latter yielding 1-butene- 
3-one. The presence of an acetylenic hydrogen is established by the forma- 
tion of characteristic acetylides with mercury (white) {87-91), silver (white) 
and copper (brilliant yellow). It forms a crystalline hydrate of uncertain 
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composition, probably C4H4 -21120, at temperatures below —10® in the 
presence of moisture. The chemical reactions of vinylacetylene have been 
extensively studied, particularly the polymerization (9^-96) which, when 
conducted thermally, may yield styrene or cyclobutane-linked polymers 
(97) or products of different character from radon treatment (98 ^ 99). 
Hydrogenation may yield butane, butylene and butadiene (100-105) ^ par- 
ticularly the latter, by chemical reduction with chromous salts (106, 107), 
as well as hydrogenated polymers which are interesting as drying oils (108). 
Acid solutions of mercury salts hydrate vinylacetylene (lOJf, 109-113) to 
methyl vinyl ketone, l-butene-3-one, and also result in oxidation to dia- 
cetyl (m, 116). Alcohols may be added to the triple bond with alkaline 
catalysts to give alkoxybutadienes (10^, 116-118), or with catalysts such as 
BF3 to give trialkoxybutanes (119)\ similarly, glycols form dioxoles (120), 
and thiophenols give the thioethers (117, 121). Butadienyl esters are 
formed by addition of carboxylic acids (IO4, 122-124). The formation 
and a variety of reactions of the vinylacetylenyl Grignards which have been 
particularly useful have been described (125-130), together with the sodium 
acetylide, in the preparation of vinylethynyl carbinols (128, 129, 131, 132). 
Vinylacetylene reacts with chloromethyl methyl ether to give 3-chloro-l- 
methoxy-2,4-pentadiene (133, 134); with acyl chlorides to form l-acyl-2- 
chlorobutadienes (135); simultaneously with formaldehyde and a dialkyla- 
mine to give dialky laminomethyl vinylacetylenes (136, 137) which can be 
converted to the corresponding amino-chloroprenes. Vinylacetylene reacts 
as the equivalent of methyl vinyl ketone in the formation of azabenzan- 
thrones from aminoanthraquinones (138). The acetylenic hydrogen may 
be replaced by alkyls through the alkali acetylide (139-141), or by halogen 
through the agency of hypohalites (90, 142-144), which may further react 
with hydrohalogen acids to form 1,2-dihalo-l, 3-butadienes (145, 146). 

Di vinylacetylene, CeHe, is a colorless liquid, rapidly becoming straw- 
colored upon exposure to sunlight, and possessing an unusual alliaceous 
odor. The following physical properties are sensitive to polymerization 
and oxidation: df 0.7759; n^ 1.5047; byeo 85.0°, b 26 o 52.5°, and bioo 31°; 
m. —87.8°; latent heat of evaporation 7923 cal. 

Divinylacetylene may be hydrogenated to n-hexane by the addition of 
exactly eight atoms of hydrogen; intermediate hydrogenation products may 
be isolated (147-150), particularly 3-hexene (151) which may be obtained 
in high yields. Polymers of divinylacetylene may be hydrogenated, or it 
may be hydrogenated and simultaneously or subsequently polymerized 
giving interesting (hying oils (101,148). Addition of six atoms of bromine 
forms a mixture of isomeric l,2,3,4,5,6-hexabromo-3-hexenes melting at 
81° and 114°. Further direct bromination results in substitution. Divinyl- 
acetylene rapidly absorbs oxygen from the air, forming highly explosive 
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peroxides; when pure, divinylacetylene thermally decomposes in the liquid 
state at 105°, but may be heated to substantially higher temperatures as a 
dilute vapor or dilute liquid. 

Polymerization (Ji, 52, 152-€1) of divinylacetylene results in products 
linked through cyclobutane rings {162) which find extensive commercial 
use as synthetic drying oils in the formulation of coating compositions {IJ^, 
52, 115, 151, 155-158, 168-170), resins {171, 172), molding compositions 
{52, 173, 174)^ impregnating agents {175, 176), and adhesives for rubber, 
metal and the like {177, 178). Modifications of the polymer with special 
properties have been made by treatment with sulfur chloride {149y 179, 180) 
and by hydrogenation {101 , 147, 148, 150). The polymer has found special 
use in filter coatings {181), modifying lubricating oils {182, 183), in diesel 
fuels {184) and as a rubber plasticizer {185). 

The high degree of unsaturation in divinylacetylene results in numerous 
chemical reactions peculiar to its structure. The use of antioxidants such 
as the polyhydroxyphenols, amines, aminophenols and, as a general class, 
rubber antioxidants {51 , 52) avoids peroxidation and affords a safe handling 
technique. The investigation of reactions has included formation of thio- 
ethers by addition of thiophenols {117, 121), halogenation {180, 186, 187), 
reaction with sulfur monochloride {179, 180, 188, 189), chlorination with 
sulfuryl chloride {180, 190), the simultaneous addition of sulfur and hydro- 
gen sulfide {191), addition of hydrogen poly sulfide {192), the addition of 
HCl to form mono- and dihydrochlorides {193) and hydrogenation {loc. cit.). 
It is claimed that the hydration of divinylacetylene to yield 1 , 5-hexadiene- 
3-one has been accomplished {194). 

l,3-Hexadiene-5-3me, isomeric with divinylacetylene, bjoo 32°, b 2 Bo 51°, 
byeo 83.4°, df 0.7734, m. —81.0°, nf 1.5095, latent heat of evaporation 
7895 cal., primarily differs from divinylacetylene in possessing a typical 
acetylenic hydrogen, which displays the usual properties, forming acety- 
lides {10, 88), Grignards, and hydrating to a carbonyl derivative, 1,3- 
hexadiene-5-one, breo 145°, 1.5265, df 0.8762. The chlorohexatriene, 

C 6 H 7 CI, formed by addition of HCl to the triple bond, is known {10). 

l,3,7-Octatriene-5-yne, CsHg, the tetramer of acetylene, b 2 o 40°, bioo 
82°, d 2 o 0.830, np® 1,576, resembles divinylacetylene except in physical 
properties. A polymeric chloro-octatetraene has been prepared by the 
addition of HCl to this tetramer in exactly the manner used for the addition 
of vinyl- or divinylacetylene {195). 
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8 . Chloroprene. The greatest commercial interest in these acetylene 
polymers relates to the formation of butadiene derivatives from vinylacety- 
lene. In the presence of many metallic halides, vinylacetylene adds an 
equivalent weight of hydrogen halide with the formation of l-halo-2,3- 
butadienes {1-5). In the presence of cuprous salts, these rearrange to 
isomeric 2-halo- 1 ,3-butadienes (i, 6, 7, 8), which subsequently may add a 
second molecule of hydrogen halide with the formation of the 1 ,3-dihalo-2- 
butenes (4, 5, 7, 9). The following hydrogen halide addition products are 
described: l-chloro-2, 3-butadiene, b.p. 87.7-88.1°; 2-chloro-l ,3-butadiene, 

bioo 6.4°, b 4 oo 40.5°, huo 59.4°, logio P = - + 7.527; 1 ,3-dichloro-2- 

butene, b^o 53-54°, bro 61-<53°, brse 127-29°, df 1.1591; l-bromo-2,3- 
butadiene, bisi 64-66°, breo 108-12°, df 1.4255; 2-bromo-l ,3-butadiene, 
bu6 42-43°, df 1.397; 1 ,3-dibromo-2-butene, bss 73°, breo 168° (decompn.), 
df 1.877; l-iodo-2, 3-butadiene, bjg 43-45°, df 1.7130; 2-iodo-l, 3-buta- 
diene, b 76 o 111-13°, df 1.7278. 
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Although all the haloprenes (halobutadienes) polymerize to rubber-like 
materials, the most valuable combination of physical properties is obtained 
in chloroprene (2-chloro-l, 2-butadiene) from which the commercial poly- 
mer, neoprene, is prepared. The commercial production of chloroprene 
may be accomplished by batch (5, 7, 10-13) or continuous methods (14), the 
latter being designed to obtain high yields of chloroprene without substan- 
tial loss to by-product dichlorobutene. Chloroprene may be made by a 
cyclic process similar to the MVA process in Figure 1; gaseous HCl and 



Figure 1 


vinylacetylene are introduced into a reactor vessel which may be con- 
structed in a manner similar to the acetylene polymerization reactor 7, but 
of suitable materials, such as enamel or Hastelloy. A typical catalyst 
solution may consist of a 5 to 26 per cent aqueous solution of CU2CI2 
containing 18 to 38 per cent hydrogen chloride. Addition of NH4CI (7) or 
alkali metal halides {13) has been made without particular advantage {10). 
Hydrogen chloride is added to maintain a constant composition in the 
solution {16)\ vinylacetylene is added as consumed by automatically main- 
taining a constant vinylacetylene pressure in the reaction system. The 
reaction vessel is generally maintained at a temperature of 30° to 60° by 
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means of a water jacket. Effluent gases may pass through an entrainment 
catcher to a tubular cooler designed to recover refrigeration, thence to a 
brine-cooled exchanger in which water, reaction products and unreacted 
vinylacetylene are condensed. Permanent gases may be purged off through 
a condenser at this point; water may be separated and returned to the 
catalyst, and the non-aqueous condensate passed into a stripping still in 
which most of the unreacted vinylacetylene is removed by warming to room 
temperature under reflux. The return gas is combined with the fresh 
vinylacetylene after warming. Crude chloroprene may be freed of vinyl- 
acetylene in a column from which the gas, containing some chloroprene, is 
returned to the initial condenser. Chloroprene may be purified by steam 
or vacuum fractionation for storage or immediate polymerization. The 
residue is essentially polymerized chloroprene and dichlorobutene (DC), 
from which the latter can be recovered by further distillation. 

Modifications of the chloroprene process have been described, particu- 
larly reaction in the vapor phase (id), utilization of dilute vinylacetylene 
without isolation (i7), direct synthesis from acetylene in a single step com- 
bining the polymerization and hydrohalogenation reactions (id), and the 
use of immiscible solvents for the separation of chloroprene (13), It is: 
claimed (19) that chloroprene can be prepared by the addition of vinyl 
chloride and acetylene in the presence of cupric chloride ; divinylacetylene 
is stated to be an intermediate. Chloroprene has been reported in the 
product from the chlorination of 2-chloro-2-butene at 500° (30 ) ; it has been 
obtained by the dehydrohalogenation of l,3-dichloro-2-butene {21, 22, 23) 
of l,2-dichloro-3-butene {2Ji) and by cracking chlorocyclohexene {26), 

Homologs of chloroprene have been prepared by the addition of HCl to 
alkyl vinylacetylenes {22, 26-29) and their polymers have been compared 
with neoprene. Numerous analogs, particularly the oxyprenes (2-alkoxy- 
1, 3-butadienes), have been synthesized from vinylacetylenes {30) or 1- 
chloro-2, 3-butadiene {31, 32, 33) for comparison with chloroprene. 

Chloroprene, as a typical butadiene, undergoes the Diels-Alder addition 
to maleic acid, naphthaquinone and similar reactants to form the typical 
hydrocyclic products {34 ) ; chlorination of chloroprene results in the forma- 
tion of trichlorobutenes, tetra- and pentachlorobutanes' {35), Chlorina- 
tion of l-chloro-2, 3-butadiene, and l,3-dichloro-2-butene have also been 
described {36, 36, 37), the products from the latter proving to be valuable 
intermediates for the synthesis of 2, 3-dichloro-l, 3-butadiene {36), which 
has also been prepared by dehydrohalogenation of a tetrachlorobutane {38), 
The isomer of chloroprene, l-chloro-2, 3-butadiene, has proved to be a 
valuable intermediate for the formation of chloroprene analogs, in view of 
the fact that the chlorine, unlike that of chloroprene, is very reactive and 
that at the same time, the products may be rearranged to 2-8ubstituted 
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1,3-butadienes by contact with copper salts. Thus the chlorine of the 
isomer has been replaced by alkyl- or aryl- {31, 39), by hydroxyl, alkoxy, 
amino, cyano {33) and acyloxy {32) groups; tri (4-butadienyl) amine has 
been prepared by treatment with ammonia { 40 ). Similar replacements 
occur at one of the two chlorines in l,3-dichloro-2-butene {9, 41)- 
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9. Polymerization of Chloroprene. The polymerization of chloroprene 
is capable of being controlled to give a wide variety of products (7, 5), 

ranging from oily dimers or trimers to plastic, rubber-like materials which 
after compounding and vulcanizing are elastic but essentially non-plastic, 
to hard, horny polymers which are neither plastic nor elastic and are insolu- 
ble in any known solvent. The fact that the'course of this polymerization 
can be controlled to yield products superior to natural rubber in many 
respects makes chloroprene especially practical as a source of synthetic,, 
rubber-like materials (4, 5). 

The rate of polymerization of chloroprene, like that of many other 
polymerizable compounds, is greatly influenced by oxygen and other 
catalysts {2^ 6-9). Samples of chloroprene, freed from peroxides by treat- 
ment with triphenylmethyl, distilled in high vacuum and sealed off in glass 
tubes without exposure to air, show an appreciable increase in viscosity 
only after a period of one or two months, and polymerization is incomplete 
after twelve months. Even this slow polymerization may be due to incom- 
plete removal of peroxides. Exposed to air, chloroprene spontaneously 
polymerizes to rubber-like materials; the liquid gradually becomes more 
viscous and eventually is converted into a non-plastic material. This 
polymerization is accompanied by approximately 23 per cent decrease in 
volume. 

If the chloroprene is allowed to polymerize spontaneously in the presence 
of air until it will flow only with difficulty, it will be found to contain 20 to 
30 per cent of high molecular weight polymers. The polymer isolated from 
this mass either by pouring it into alcohol or by removing the monomer by 
distillation is a plastic, benzene-soluble material resembling plasticized 
natural rubber {10). If the polymerization is allowed to go appreciably 
beyond 25 or 30 per cent, the isolated polymer is much less soluble in sol- 
vents such as benzene, less plastic, and is more difficult to process. The 
yield of plastic polymer can be appreciably increased by diluting the 
chloroprene with an inert solvent such as carbon tetrachloride {11). 
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Organic peroxides, such as benzoyl peroxides and various other oxidizing 
compounds, function as catalysts (2, 12). Water and ethylene oxide appre- 
ciably increase the rate of polymerization (d, 13). The polymerization is 
inhibited by antioxidants. Compounds such as phenols, quinones, amines, 
mercaptans, thiophenols, aromatic nitro compounds and halogens either 
stop or appreciably retard the polymerization in a homogeneous system. 

Polymerization at elevated temperatures tends to give lower molecular 
weight material. If chloroprene is polymerized at 50-60° in the presence 
of an inhibitor such as catechol, it largely will be converted into cyclic 
dimers or trimers. After prolonged storage at room temperature, chloro- 
prene containing inhibitors will be found to contain appreciable percentages 
of these low molecular weight polymers. While light, such as that of 3130 
A wave length, accelerates normal polymerization, it also causes the forma- 
tion of hard, slightly elastic granules which are non-plastic and insoluble. 
The formation of this granular polymer is autocatalytic. It occasionally 
appears in chloroprene which is polymerizing slowly. It is formed by 
pol 3 anerization of chloroprene from the gaseous phase, especially when 
illuminated by ultraviolet light or in contact with certain metals. When 
its formation is once started, it tends to consume all the available chloro- 
prene. 

The polymerization of chloroprene takes place more rapidly at elevated 
pressures {H) than at atmospheric pressure. At approximately 6000 
atmospheres^ pressure a difference of 1000 atmospheres has essentially the 
same influence in the polymerization rate as a difference of 10° {15). The 
rate of reaction is pseudo-unimolecular. Under extremely high pressure 
and high shearing stress chloroprene polymers can be converted into a 
horn-like substance {16). 

The presence of many other compounds appreciably influences the 
character of the products. Inhibitors such as iodine or tetra-alkyl thiuram 
disulfides have been found to cause the formation of polymers which are 
hard at low temperatures but become soft and plastic at 60° and sticky at 
higher temperatures {17-20). Polymerization in the presence of many 
materials which are soluble in the chloroprene tends to give more plastic 
polymers {21^ 22). If these materials are polymerizable, their effect on 
the properties of the isolated polymers may be even more marked {23-85). 
This probably is due to the formation of interpolymers as well as co- 
polymers. 

Chloroprene dispersed in a liquid, in which it is not appreciably soluble, 
containing an emulsifying agent polymerizes to give a product closely re- 
sembling natural rubber latex. The liquid for this purpose may be either 
water {12^ 35ay 36-4^) or such a material as formamide or a polyhydric 
alcohol {43 j 44) • The latices formed by polymerizing chloroprene dis- 
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parsed in water may be either negatively or positively charged (45) depend- 
ing upon the emulsifying agent and conditions of the polymerization. 
Polymerization in emulsion is more rapid than in the massive condition and 
is usually complete within a few hours. The rate of polymerization is 
influenced by the concentration of the emulsifying agent as well as by the 
temperature and presence of other catalysts. The size of the particles 
formed by emulsion polymerization is appreciably smaller than those 
present in natural rubber latex. The average size may vary somewhat, 
depending upon the emulsifying agent and condition of polymerization. 
In a sodium oleate latex the mean radius was found to be 0.063m (£) . These 
particles can be readily deposited from the latices by the passage of an elec- 
tric current (46). 

The products formed by polymerizing chloroprene dispersed in an aqueous 
solution of an emulsifying agent such as sodium oleate, when isolated by the 
addition of salts, acids or alcohols, resemble vulcanized rubber somewhat 
more closely than raw rubber. They have a very low plasticity and are 
difficult to process on conventional rubber machinery. How^ever, it is 
claimed that, by carrying out this emulsion polymerization in the presence 
of small proportions of neutral alkali or ammonium salts which exert no 
oxidizing action under conditions of working and have no emulsifying action, 
it is possible to isolate plastic polymer (^2, ^7). It is also claimed that the 
presence during emulsion polymerization of H 2 S, SO 2 (46) or organic com- 
pounds which under suitable conditions are capable of forming monomo- 
lecular addition compounds with chloroprene (49) results in the formation 
of a plastic product. By this means (48^ 49) it is possible to isolate poly- 
merized chloroprene of practically any desired plasticity. 

All these products are mixtures of polymers of a wide range of molecular 
weights. The lower polymers are more soluble and more odiferous. They 
can be removed by v^ashing with a solvent such as alcohol in which the 
higher molecular weight polymers are insoluble (2, 3, 10, 50, 51). 

It is possible to impregnate porous material such as leather, wood and tile 
with liquid chloroprene and to polymerize the chloroprene in place (2, 52), 

Bromoprene also can be polymerized to yield rubber-like materials (53, 
54), but its use has not been developed commercially. 
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10. Properties and Uses of Neoprene. Plastic polymer, whether ob- 
tained by polymerization of chioroprene alone, diluted with a solvent, or 
emulsified, tends to become less plastic and less benzene-soluble upon stor- 
age. Secondary aromatic amines such as phenylbetanaphthylamine 
greatly retard this spontaneous curing of plastic polymers at room tempera- 
ture (7, 2). Certain other inhibitors of normal polymerization, such as 
mercaptans, have been found to improve further the stability of plastic 
polymers made in emulsion {3), These stabilizers do not prevent the 
vulcanizing of these polymers at elevated temperatures. Derivatives 
of ethylene oxide also have been used as stabilizers of chioroprene 
pol3uners (4). 

The exact structure of neoprene has not been definitely established. 
However, the most likely structure is 

Cl Cl Cl 

I I I 

— c — o=c — c — c — c=c — c— c — c==c — c — . 

The fact that upon oxidation it yields succinic acid does not serve to dis- 
tinguish between .... 1 ,4-1 ,4 1 ,4-4 , 1 .... or 4 , 1-1 ,4 . . . . order 

for the joining of chioroprene units (7, 5, 6, 7). The fact that it gives a 
sharp x-ray pattern would indicate that the structure of its molecules is 
freer from irregularities than those of other synthetic rubbers (7, 8, 9), 
Electron diffraction measurements give the size of the crystallites as smaller 
than in natural rubber {10, 11). It has been suggested that of all types of 
synthetic, rubber-like materials, neoprene consists most nearly of simple 
long chains with the absence of side chains (12). Ultracentrifuge measure- 
ments by the sedimentation equilibrium method indicate that the molecular 
weight may be over 100,000 (13). Dielectric constant measurements show 
that neoprene is non-polar (7 4). 

Iodine absorption data indicate that the polymers are highly unsaturated 
{15, 16). Neoprene can be chlorinated to give film-forming materials suit- 
able for use in coating films and adhesives and materials of improved flame 
and freeze resistance {17-22). It has been claimed that neoprene reacts 
with HCl to form a transparent sheet {23). The catalytic hydrogenation 
of neoprene as well as of natural rubber has been reported { 24 )- 

While monomolecular chioroprene is toxic, it loses these dangerous 
properties during polymerization {25, 26, 27). 

Neoprene, like natural rubber, is used commercially in three different 
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forms: as a latex; as a cement dissolved in solvents such as benzene, solvent 
naphtha or chlorinated hydrocarbons; and as a plastic polymer which can 
be compounded, shaped and vulcanized to an essentially non-plastic, elastic 
rubber-like material. 

The latices and cements are used for forming dipped goods, coating and 
impregnating a wide variety of objects, and as adhesives (£8-4^). The 
gelling of cements is said to be retarded by the addition of 3~5 per cent of 
camphor (^). 

Plastic neoprene can be processed in much the same manner and with the 
same equipment as natural rubber. The vulcanizing differs from that of 
natural rubber in that the addition of sulfur is not required to convert the 
plastic into the elastic, non-plastic form, although sulfur does have an 
activating effect on many stocks. Uncompounded neoprene can be cured 
by the action of heat alone, but the physical properties of the vulcanizate 
are greatly improved by the use of certain metallic oxides and other com- 
pounding ingredients (/, £, 43-63), While zinc oxide and magnesia are 
used to activate most neoprene stocks, the magnesia must be omitted and 
litharge used to obtain maximum water resistance (46 y 64) • Wood rosin 
is used to improve the stability of carbon black-loaded stocks, and it func- 
tions also as a secondary vulcanizing agent (44) 41) 46, 64) 66). 

The usual forms of carbon black and other loading materials used in 
natural rubber can be used in neoprene also {£, 43-46, 66). A considerable 
number of resins and synthetic materials have been suggested to improve 
certain properties (67-70). The plasticity, processing characteristics and 
stability of unvulcanized, compounded stocks can be improved by the use 
of many of the softening agents employed in compounding natural rubber 
and in plasticizing resins (£, 46, 41) 46, 66, 71-80). 

Ordinary rubber accelerators have found comparatively little use in the 
compounding of neoprene, although certain amines and aromatic hydroxy 
compounds have a definite accelerating effect (47, 61, 64) • 

Cured neoprene closely resembles vulcanized natural rubber in both gum 
and loaded stocks (1 , 2, 43, 41) 43) 46, 81-86 ) . The tensile properties of neo- 
prene gum stocks at elevated temperatures are inferior to those of similar 
rubber stocks (84, 86), but there is less difference in the case of carbon 
black -loaded stocks. The uses of neoprene depend upon its superiority to 
natural rubber in many respects, such as resistance to the action of light, 
heat, ozone, petroleum products, vegetable oils, animal fats and many 
chemicals, resistance to combustion and to the diffusion of many gases and 
liquids (43, 56, 81, 82, 83, 87-121). 

Neoprene can be bonded to natural rubber or to metals and also is used 
as an adhesive or bonding material (22, 31, 37-4h 122-129). While alone 
it is not suitable as a hard rubber, neoprene can be compounded with 
natural rubber and sulfur to yield a flexible hard rubber (ISO, 131, 132), 
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lene, 160-162 

Cuprous cyanide, acetylide from, 50 


Cuprous bromide, catalyst for Grignard 
reaction, 79 

Cuprous iodide, acetylide compound 
from, 52 

Cuprous salts, addition to acetylene, 40, 
58-61 

catalysts for addition of hydrogen 
halides to acetylene, 99 
catalysts for isomerization of 1 -halo -2- 
3-butadienes, 171 

reaction with sodium acetylide, 49 
Cuprous thiosulfate, acetylide compound 
from, 52 

Cuprous vinylacetylide, 164 
Cutting flame, oxyacetylene, 109, 110 
Cyanoacetylenes, 71, 73, 91 
Cyanogen halides, reaction with acety- 
lenic Grignards, 73, 91 
' Cyclohexane, as solvent for acetylene, 32 
Cyclohexane, chloro-, chloroprene from, 
173 

Cyclohexanol, solubility of acetylene in, 
31 

Cyclohexaneone, as solvent for acety- 
lene, 34 

Cylinders, for acetylene storage, 33 

Decatetreneynes, 162 
Decomposition, of acetylene, 15, 16 
explosive, 2, 16 

during thermal condensation, 141 
of di vinyl acetylene, 166 
1-Decyne, 75 

Dehalogenation, for the preparation of 
acetylenes, 18 

Dehydrogenation, in acetylene conden- 
sation, 139, 140, 148 

Dehydrohalogenation, for the prepara- 
tion of acetylenes, 18, 19 
of l,3-dichloro-2-butene, 173 
Demethyl ation, in thermal condensation 
of acetylene, 140 
Detection, of acetylene, 37 
Deuterium exchange, with acetylene, 45, 
46 

Deuterioacetaldehyde, 118 
Deuterioacetylene, 45, 46 
hydration of, 118 
polymerization of, 157 
spectrum of, 1 

Diacetyl, from vinylacetylene, 165 
Diacetylene, from acetylene, 90 
as impurity in acetylene, 33 
copper compound of, 51 
Diacetylene dicarboxylic acid, 72, 93 
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Diacetylene hexabromide, 106 
Diacetylenes, alpha, from copper acety- 
lides, 40, 89, 90 
beta and gamma, 86 
Diazomethane, addition to acetylene, 
135, 136 

Dibromoacet aldehyde, from acetylene, 
107 

Dialkylacetylenes, from acetylides, 75, 
77 

from acetylenic Grignards, 79 
isomerization of, 79, 80 
Dibromoethylenes, acetylene from, 18, 19 
from acetylene, 105-107 
Dibromoe thanes, acetylene from, 18 
from acetylene, 100 

Dichlorodibromoethane, from acetylene, 
107 

Dichloroacetaldehyde, from acetylene, * 
107 

Dichloroethanes, acetylene from, 18, 19 
from acetylene, 99-100 
Dichloroethylenes, acetylene from, 19 
from acetylene, 101, 103, 104, 105,107 
Dicyanoacetylene, 71 
Diels- Alder reactions, of chloroprene, 
173 

Dieneynes, from acetylenic glycols, 72, 
85,86 

Diethylacetylene, 75, 77 
Diethyl carbonate, as acetylene solvent, 
34 

Diethyl formanide, as acetylene solvent, 
31,34 

Diethyl oxalate, as acetylene solvent, 34 
Dihaloacetaldehydes, from acetylene, 
107 

Dihaloacetic acids, from acetylene, 107 
Dihaloacetylenes, from acetylene, 90-92 
Dihaloalkenes, vinylacetylene homo- 
logues from, 164 
Dihalodi acetylenes, 92 
Dihaloethenes, acetylene from, 18, 19 
from acetylene, 99-100 ' 

Dihaloketones from acetylenes, 107 
Dihalomagnesium acetylides, see Grig- 
nards, acetylenic 

Dihaloolefins, from acetylenes, 73, 105- 
107 

Diiodoacetylene, from acetylides, 50, 51, 
55, 90-91 

Diiodoethylenes, acetylene from, 18, 19 
from acetylene, 106 

Diluent gases, in pyrolytic preparation 
of acetylene, 21, 22 


Dilution, of acetylene during thermal 
condensation, 142 

Dimerization, of acetylene, 139, 160-164 
of chloroprene, 175, 176 
Dimethylacetonylamine, as acetylene 
solvent, 31 

Dimethylacetylene, 75, 77 
Dimethylallene, unsymmetrical isomeri- 
zation of, 80 

Dimethylaniline, solubility of acetylene 
in, 32 

Dimethylformamide, as acetylene sol- 
vent, 31, 34 

Dimethyloxamethane, as acetylene sol- 
vent, 31,32 

Dioxoles, from vinylacetylene, 165 
Diphenyl, from acetylene condensation, 
139 

Diphenyl ethane, and homologs, from 
acetylene condensation with aro- 
matic hydrocarbons, 154, 155 
Diphenylmethyl chloride, reaction with 
acetylenic Grignards, 79 
Diphenyl oxide, medium for acetylide 
reaction, 78 

Dipropargyl, from acetylene polymeriza- 
tion, 151 

Dipole moment, of symmetrical acety- 
lenes, 1 

Dispersing agent, in catalyst for vinyl- 
acetylene preparation, 162 
Dissociation, of acetylene in flame, 109, 
110 

heat of, for vinylacetylene, 164 
Distillation, of acetylene, 37 
of gas mixtures containing acetylene, 
34 

of chloroprene, 173 
of vinylacetylene, 163 
Dithiooxanalide, 136 
Divinylacetylene, from acetylene by 
electric discharge polymerization, 
151 

by catalytic polymerization, 160-166 
by thermal polymerization, 139 
physical properties of, 165 
reactions of, 165, 166 

Divinyl sulfide, as impurity in acetylene, 
11 

Dodecapentenyne, 162 
Drying, of acetylene, 13 
Drying oils, from vinylacetylene, 165 
from divinylacetylene, 165, 166 
Duprene, see neoprene 
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Electric discharge, polymerization of 
acetylene by, 151 

Electromagnetic field, polymerization of 
acetylene by, 151 

Electron diffraction, in acetylene, 1 
Electrons, polymerization of acetylene 
by, 151 

Emulsion polymerization, of chloro- 
prene, 176-177 

Enolates, alkali, in synthesis of acety- 
lenic carbinols, 82 
Eneyiies, 72, 85, 86 

Esters, as acetylene solvents, 31, 32, 34 
Esters, butadienyl, from vinylacetylene, 
165 

ethylidene, from acetylene, 129-32 
vinyl, from acetylene, 129-32 
Ethane, acetylene from pyrolysis of, 22 
byproduct of acetylene condensation, 
139, 148 

hydrogenation of acetylene to, 95-97 
impurity in acetylene, 34 
separation from acetylene, 34, 37 
Ethane, dihalo-, see dichloroethane, etc. 
Ethane, diphenyl-, see diphenylethane 
Ethanes, halogenated, acetylene from, 
18-19 

from acetylene, 101-105 
Ethanedithiol diethyl ether, 135 
Ethanol, solubility of acetylene in, 31, 32 
Ethers, of acetyleneic carbinols, 77, 86 
of acetylenic glycols, 86 
Ethers, alpha halo, reaction with acety- 
lides,81,86 

dialkyl, as byproduct in synthesis of 
acetylenes, 75 
ethynyl, 71 
ethyl propenyl, 80 

Ethyl acetate, solubility of acetylene in, 
31,32 

Ethyl acetoacetate, condensation with 
acetylene, 155 

Ethyl acetylene, from sodium acetylide, 
75,76,78 

from calcium carbide, 79 
from isomerization of methyl allene, 80 
Ethylbenzenene, condensation with 
acetylene, 154 

Ethyl chloride, as acetylene solvent, 34 
Ethylene, acetylene from pyrolysis of, 22 
byproduct of acetylene condensation, 
139, 148 

byproduct of acetylide preparation, 43 
condensation with acetylene, 153, 154 
from hydrogenation of acetylene, 95-97 


impurity in acetylene, 34 
separation in acetylene, 34 
Ethylenes, halogenated, acetylene from, 
18, 19 

from acetylene, 101-105 
Ethylene bromohydrin ethers, reaction 
with sodium acetylide, 77 
Ethyl formate, acetylenic aldehydes 
from, 93 

solubility of acetylene in, 31, 32 
Ethylidine aniline, from acetylene and 
aniline, 136 

Ethylidene cyanhydrin, as solvent for 
acetylene, 32 

Ethylidene dihalides, acetylene from, 18 
from acetylene, 99, 100 
Ethylidene diacetate, cleavage of, 131, 
132 

from acetylene, 117, 129-132 
Ethylidene diresorcinol, 155 
Ethylidene esters, cleavage of, 131, 132 
from acetylene, 129-132 
Ethyl lactate, as acetylene, solvent, 34 
Ethyl mercaptan, from acetylene, 135 
Ethyl mustard oil, as solvent for acety- 
lene, 32 

Ethynyl ethers, and thio ethers, 71 
Explosions, of acetylene, 2, 16 
of acetylene oxygen mixtures, 110 
of acetylene with ozone, 112 
of acetylene with chlorine, 102-105 ^ 
Explosive acetylides, 51 
Explosive products, from di vinylacety- 
lene, 163,164 

Ferric chloride, as catalyst for chlorina- 
tion of acetylene, 103, 104 
Flame temperature, of acetylene, 109 
of vinylacetylene, 164 
Fluoranthene, from condensation of 
acetylene, 139 

Fluorene, from condensation of acety- 
lene, 139 

Fluorene, hydroxmethyl-, 155 
Formaldehyde, from combustion of 
acetylene, 110,111 
acetylenic carbinols from, 82 
reaction with vinylacetylene and di- 
alkyl amine, 165 

Formic acid, from combustion of acety- 
lene, 110, 111, 112 

Fractional condensation, of gas mixtures, 
33,34 

Free radicals, in acetylene condensation, 
140 
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Fuels, liquid, from acetylene, 139, 142, 
144, 145 

divinylacetylene polymer in, 166 
Furan derivatives, from condensation of 
acetylene, 168 


Generation, of acetylene from carbide, 
11,12 

Generators, acetylene, 12 
Glycerol, in catalyst for vinylacetylene, 
162 

Glycerol esters, as acetylene solvents, 34 
Glycine, trimethyl-, as acetylene solvent, 
31 

Glycol, diacetate, as acetylene solvent, 
34 

esters, as acetylene solvents, 34 
ethers as acetylene solvents, 34 
Glycols, addition to acetylene, 126, 127 
addition to vinylacetylene, 165 
in catalyst for vinylacetylene, 162 
Glycols, acetylenic, from acetylides, 72, 
81-87 


dehydration to eneynes, 85, 86 
oxidation of, 113 

Glyoxal, from acetylene, 68, 116-113 
Glyoxalic acid, from acetylene, 113 
Gold acetylide, 57 

Gold salts, addition to acetylene, 40, 68 
oxidation of acetylene by, 68 
1 Gjignard reagents, acetylenic, (see also 
y' acetylides) preparation of , 46, 47 
L reaction with acetic anhydride, 93 
1 with aldehydes, 81 , 86 
r ' with alkyl halides, sulfates and sul- 
f fonates, 74, 79 
Y with arsenic trihalides, 49 
7 / .with cacodyl chloride, 49 
dgf with carbon dioxide, 89 
with cyanogen halides, 91 
with benzyl bromide, 79 
^ with ketones, 81-86, 93 
I / with oxidizing agents, 89 
j / with phenylmethyl chlorides, 79 
with phosphorus trihalides, 49 
^Grignard reagents, alkyl or aryl, reac- 
tion with acetylene, 46, 47 
Grignard reagents, from 1,3 hexadiene-5- 
yne, 166 

^ from vinylacetylene, 165 

^Haloacetylenes, acetylene from, 19 
from acetylene or acetylides, 90-92 
from polyhalo ethylenes or ethanes, 19 
reactions of, 71, 72 


Haloformic esters, reaction with acety- 
lides, 93 

Halogen acids, see hydrogen halides 
Halogenation, see individual halogens 
addition of 

Halogen halides, addition to acetylene, 
106-107 

Halogens, addition to acetylene, 101-107 
substitution in acetylene, 71, 90-92 
Halomagnesium compounds, see Grig- 
nards 

Haloprenes, 172 

Halovinylarsines, from acetylene, 67 
Heat of formation, of acetylene, 2 
Heavy water, reaction with acetylene, 
45,46 

1-Heptyne,75 

Hexachloroethane, from acetylene, 102, 
104 

Hexadecylacetylene, 75 
Hexadecyne, 71 
Hexadecyne, 1-nitro-, 71 
1 -sulfonic acid, 71 

1.3- Hexadiene-6-yne, 161, 162, 166 
metal salts of, 166 

l,6-Hexadiene-3-yne, see divinylacety- 
lene 

1.3- Hexadiene-5-one, 166 

1.5- Hexadiene-3-one, 166 

1.5- Hexadiyne, 151 
Hexadiynedioic acid, 72, 93 
n-Hexane, from divinylacetylene, 165 
Hexatriene, chloro-, 166 

Hexene, byproduct of cuprene, 148 
3-Hexene, from divinylacetylene, 165 
3-Hexene, 1,2,3,4,5,6-hexabromo-, 165 
1-Hexyne,75 
1-Hexyne, 5-methyl-, 75 
3-Hexyne, 75, 77 

3-Hexyne , 2 , 5-diethoxy-l , 6-dibromo- , 

vinylacetylene from, 164 
Hydrate, of acetylene, 1 
of vinylacetylene, 164, 165 
Hydration, of acetylene, 115-119, (see 
water addition of) 
of acetylene, apparatus for, 118 
of divinylacetylene, 166 
of l,3-Hexadiene-5-yne, 166 
of vinylacetylene, 164, 165 
Hydrazine, in preparation of cuprous 
acetylide, 38 

Hydrides, of alkaline earth metals, car- 
bides from, 9 

Hydrindene, from condensation of acety- 
lene, 139 
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Hydrocarbons, acetylene from incom- 
plete combustion of, 28 
acetylene from submerged flame in 
liquid, 28 

acetylene from submerged arc in 
liquid, 23 

acetylene from pyrolysis of, 20-23 
formed during hydrogenation of acety- 
lene, 95-98 

as impurities in acetylene, 33, 34 
Hydrocarbons, acetylenic, byproducts of 
acetylene condensation, 139 
isomerization of, 79-80 
oxidation of , 113 
allenic, isomerization of, 79-80 
aromatic, acetylene condensation with, 
154 

byproduct of cuprene, 148 
from acetylene, 138-146, 156 
from olefins and acetylene, 153 
chlorinated, byproducts of vinylacety- 
lene, 162 

Hydrogen, addition to acetylene, etc., 
see hydrogenation of acetylene, 
byproduct of cuprene, 148 
diluent in thermal condensation of 
acetylene, 142 

impurity in acetylene, 11, 13, 21, 33 
loss of during thermal condensation of 
acetylene, 139, 140, 148 
recovery from mixtures with acety- 
lene, 34 

replaceability of, in acetylene, 41, 44- 
46,51 

separation from acetylene, 34, 37 
Hydrogenation, of acetylene, 40, 95-98 
during preparation of acetylides, 43 
during condensation of acetylene, 
139, 140 

of divinylacetylene, 165, 166 
of neoprene, 179 

of polymers of divinylacetylene, 165 
of vinyl acetylene, 165 
Hydrogen bonding, of acetylene to 
solvents, 29, 30 

Hydrogen bromide, addition to acety- 
lene, 99-100 

addition to vinylacetylene, 171 
Hydrogen chloride, addition to acety- 
lene, 99-100 

addition to alkyl vinylacetylenes, 173 
addition to divinylacetylene, 166 
addition to l,8-Hexadiene-5-yne, 166 
addition to vinylacetylene, 161, 171-172 


in catalyst for vinylacetylene, 162 
reaction with neoprene, 179 
Hydrogen cyanide, from acetylene, 135, 
136 

condensation with acetylene, 153, 156, 
157 

impurity in acetylene, 33, 34 
Hydrogen fluoride, addition to acetylene, 
100 

Hydrogen halides, addition to acety- 
lenes, 73, see also individual hydro- 
gen halides. 

addition to vinylacetylene, 171, 172 
addition to 2-halo-l, 3-butadienes, 171 
addition to halo vinylacetylenes, 165 
removal of, see dehydrohalogenation 
Hydrogen iodide, addition to acetylene, 
99, 100 

addition to vinylacetylene, 171 
Hydrogen peroxide, oxidation of acety- 
lene, 112 

Hydrogen polysulfide, addition to di- 
vinylacetylene, 166 

Hydrogen sulfide, addition and conden- 
sation with acetylene, 135, 159 
addition to divinylacetylene, 166 
as impurity in acetylene, 11 
reaction with acetylides, 50, 51 
removal from acetylene, 34 
Ilydrohalogenation, see hydrogen ha- 
lides addition 

Hydrolysis, of carbides, 11, 12 
Hydroquinoline bases, from acetylene 
and aniline, 159 

Hydroquinone, condensation with acety- 
lene, 155 

Hydroxides, alkali, in synthesis of 
acetylenic carbinols, 82, 84 
in synthesis of acetates, 123-124 
in removal of hydrogen halides, 18, 19 
Hydroxyl amine, in preparation of cu- 
prous acetylide, 37, 38 
Hypobromous acid, addition to acety- 
lene, 107 

Hypochlorous acid, addition to acety- 
lene, 107 

Hypohalites, reaction with acetylene 
and acetylides, 91 
reaction with vinylacetylene, 165 

Ilosvay^s solution, 37 
Imides. metal, reaction with acetylene, 47 
Impregnating agents, from divinylacety- 
lene, 166 

from chloroprene, 177 
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Impurities, in acetylene from carbide, 
11-13 

in acetylene from incomplete combus- 
tion, 33, 34 

in calcium carbide, 11 
Interpolymers, of chloroprene, 176 
Indole, from condensation of acetylene 
with ammonia or aniline, 157 
Iodine, addition to acetylene, 107 
adsorption by neoprene, 179 
reaction with acetylides and acety- 
lenes, 50, 90-92 

Iodine chloride, addition to acetylene, 
107 

Iodine pentoxide, oxidation of acetylene 
by, 112 

lodoacetylene, 72, 91 
Iodoform, acetylene from, 18 
from mercury addition compounds of 
acetylene, 63 

Iron as catalyst for acetylene condensa- 
tion, 142-145, 149 

catalyst for decomposition of acety- 
lene, 15 

catalyst for hydrogenation of acety- 
lene, 96, 97 

catalyst for chlorination of acetylene, 
103, 104 

Isoamylacetylene, 75 
Isoamyl acetate, solubility of acetylene 
in, 31, 32 

Isoamyl formate, solubility of acetylene 
in, 31, 32 

Isomerization, of acetylenes and allenes, 
79,80 

of l-halo-2, 3-butadienes, 17 
Isonitrile, from acetylene and hydrogen 
cyanide, 153 
Isopropylacetylene, 80 
Isoxazole derivatives, from acetylene 
and nitric acid, 158 

Ketals, from acetylenes, 73, 126, 127 
Ketones, acetylenic, 72, 93 
diacetylenic,93 
dihalo- from acetylenes, 107 
from acetylenes, 73,115 
from alkylidene esters, 132 
solvents for acetylene, 30-34 
reaction with acetylenic Grignards, 
93 

Ketone, vinyl methyl-, 164, 165 
Kieselguhr, as adsorbent for acetylene, 
34 


Lactic acid, addition to acetylene, 131 
Lactones, as acetylene solvents, 34 
Latex, from emulsion polymerization of 
chloroprene, 177, 179 
Lead imide, reaction with acetylene, 47 
Lead thiocyanate, reaction with acety- 
lide, 49 

Lead tetraethyl, and triethyl chloride, 
failure to react with acetylene, 47, 50 
Lewisite, 66 

Light, polymerization of acetylene by, 
150, 164 

polymerization of chloroprene by, 176 
in chlorination of acetylene, 102, 103, 
105 

Lime, impurities in, effect on carbide 
manufacture, 8 

Liquid acetylene, physical properties, 1 
explosiveness of , 16, 34 
Litharge, in neoprene compounding, 180 
Lithium acetylide, 42, 44 
Lithium carbide, 4, 5, 44 
Lubricating oils, divinylacetylene poly- 
mer in, 166 

Magnesia, in neoprene compounding, 180 
Magnesium, in cuprene catalyst, 149 
Magnesium acetylide, 42 
Magnesium carbides, 5, 6 
Magnesium oxide, effect in carbide man- 
ufacture, 8 

Maleic acid, reaction witji chloroprene, 
173 

Metallo derivatives, of acetylene, 40-70 
Metal alkyls, acetylides from, 45 
Metal amides, acetylides from, 45 
Metal hydroxides, acetylide equilibrium 
with, 44, 46 

Metals, acetylides from, 41-44 
acetylene decomposition effect on, 15 
as condensation catalysts for acety- 
lene, 142, 145 

Melting point, of acetylene, 1 
Mercaptans, stabilizers of plastic neo- 
prene, 179 

Mercuric acetylide, 47, 50, 55 
Mercuric cyanide, acetylide from, 50 
Mercuric halides, catalysts for hydrogen 
halide addition to acetylene, 99-100 
Mercuric imide, acetylide from, 47 
Mercuric iodide, in determination of 
acetylene, 38 

Mercuric salts, acetylides from, 55 
addition to acetylene, 40, 61-65 



SUBJECT INDEX 


211 


catalysts for addition of alcohols to 
acetylene, 126-127 

catalysts for addition of carboxylic 
acids to acetylene, 129-130 
catalysts for addition of water to 
acetylene, 115-118 

catalysts for addition of water to 
vinyl acetylene, 165 

catalysts for condensation of acety- 
lene with acetoacetic ester, 155 
catalysts for condensation of acetylene 
with aniline, 157 

catalysts for condensation of acetylene 
with phenols, 155 

catalysts for condensation of acetylene 
in sulfuric acid, 154 

catalysts for nitric acid oxidation of 
acetylene, 112 

catalysts in activation of, 115, 117 
recovery from spent catalysts, 117-118 
reaction with sodium acetylide, 49 
Mercuric vinylacetylide, 164 
Mercurous acetylides, 56, 57 
Mercurous salts, acetylides from, 56, 57 
addition to acetylene, 65 
catalysts for condensation of olefins 
with acetylene, 153 

Mercury diethyl, failure to react with 
acetylene, 47 

Mercury diphenyl, failure to react with 
acetylene, 47 

Mesitylene, from acetylene condensa- 
tion, 139 

condensation with acetylene, 154 
Methane, acetylene from incomplete 
combustion of, 28 
from pyrolysis of, 20-23 
byproduct of acetylene condensation, 
139, 141 

impurity in acetylene, 34 
separation from acetylene, 34, 37 
Methylacetylene from sodium acetylide, 
75,76,78 

addition of alcohol to, 80 
from calcium carbide, 5, 6 
impurity in acetylene, 33 
Methyl acetate solubility of acetylene in, 
31,32 

Methylal, solubility of acetylene in, 31 , 32 
Methylallene, isomerization of, 80 
Methylation, in thermal condensation of 
acetylene, 140 

Methyl- betachloro vinyl ketone, 155 
Methyl chloride, as acetylene solvent, 34 


Methyldichloroarsine addition to acety- 
lene, 67 

Methyl formate, solubility of acetylene 
in, 31 

Methyl radicals, induced polymerization 
by, 145 

Methyl sulfate, reaction with acetylides, 
79 

Michrochemical estimation, of acetylene, 
38 

Molding compositions, from divinyl- 
acetylene, 166 

Molecular structure, of acetylene, 1,2 
Molybdenum halides, reduction by acet- 
ylene, 68 

Naphthalene, from condensation of 
acetylene, 139, 148 

Naphthalene, 1,4-dimethyl- from con- 
densation of acetylene, 139 
methyl-, from condensation of acety- 
lene, 139 

tetrahydro, from condensation of 
acetylene, 139 

condensation with acetylene, 154 
Naphthols, condensation with acetylene,. 
155 

Naphthoquinone, reaction with chloro^ 
prene, 173 

Neodymium carbide, 4 
Neoprene, preparation, 160, 175-177 
properties and uses, 179-180 
reactions, 179, 180 

Nickel, catalyst for condensation of 
acetylene, 142-144, 149 
catalyst for decomposition of acety- 
lene, 15 

catalyst for hydrogenation of acety- 
lene, 96-98 

Nickel carbonyl, catalyst for condensa- 
tion of acetylene, 145 
Nickel thiocyanate, reaction with acety- 
lide, 49 

Nitration, of acetylenes, 71 
Nitric acid, oxidation of acetylenes, 112, 
113 

fuming, reactions with acetylene, 158 
Nitriles from acetylene and ammonia, 
136, 157 

Nitriles, acetylenic, 71, 73 
Nitrobenzene, oxidation of acetylenic 
Grignards, 89 

solubility of acetylene in, 32 
solvent for impurities in acetylene, 33 
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Nitroform, from acetylene, 158 
Nitrogen, diluent in cuprene manufac- 
ture, 149 

separation from acetylene, 37 
reaction with acetylene, 135, 136 
Nitrogen compounds, addition to acety- 
lene, 135-137 

1-Octadecyne, 75 

Octatetraene, chloro-, polymer of, 166 
l,3,7-Octatriene-5-yne, 162, 166 

1.3.6- Octatriene-7-yne, 162 

1.5.7- Octatriene-3-yne, 161 
Octene, byproduct of cuprene, 148 
n-Octylacetylene, 75 

Odor, of acetylene, 1 
of divinylacetylene^ 165 
of vinyl acetylene, 164 
Oils, drying, from di vinyl acetylene, 160, 
166 

from vinylacetylene, 165 
Olefins, byproducts in synthesis of alkyl- 
acetylenes, 74 

byproducts of acetylene condensation, 
139, 148 

from condensation of paraffins with 
acetylene, 153 

from hydrogenation of acetylenes, 73, 
98 

pyrolysis of in preparation of acety- 
lene, 22 

Olefins, dihalo-, from acetylene, 73, 101- 
107 

Olefin oxides, reaction with acetylenic 
Grignard,81,86,87 
Organo mercuric acetylides, 56 
Organo mercuric intermediates, in hy- 
dration of acetylene, 115, 117 
Organo metallic compounds, reaction 
with acetylene, 46, 47 
Orthoformic ester, acetylenic acetals 
from, 93 

Osmium salts, oxidation of acetylene by, 
40, 68 

Osmium tetroxide, oxidation of acety- 
lene by, 113 

Oxalic acid, from acetylene, 112 
Oxidation, electrolytic of acetylene, 112, 
113 

Oxidation, of acetylene, 109-113 
of mercury in catalyst for acetalde- 
hyde, 117, 118 

Oxygen, catalyst for polymerization of 
chloroprene, 175 
impurity in acetylene, 13 
reaction with acetylene, 109-112 


reaction with di vinylacetylene, 165, 166 
in reaction of nitrogen with acetylene, 
136 

removal from acetylene, 37 
Oxygen, atomic, reaction with acetylene, 
112 

Oxyprenes, 173 

Ozone, reaction with acetylenes, 112, 113 

Palladium, catalyst for decomposition 
of acetylene, 15, 145 
catalyst for hydrogenation of acety- 
lene, 96, 97 

Palladous chloride, addition to acety- 
lene, 40, 68 

Paraffin oil, solubility of acetylene in, 31 
Paraffins, byproducts of acetylene con- 
densation, 139, 148 
acetylene from, 20, 22 
2,4-Pentadiene, 3-chloro-l-methoxy-, 165 
l-Pentene-4-yne, 77, 78 
1-Pentyne, 75 

Peracetic acid, oxidation of acetylenes, 
by, 113 

Perchloric acid, in catalyst for hydration 
of acetylene, 116 

Permanganate, oxidation of acetylenes 
by, 112, 113 

Peroxides, catalysts for polymerization 
of chloroprene, 175, 176 
Peroxides of acetylenes. 111 
of di vinylacetylene, 164, 165, 166 
Phenanthrene, from acetylene condensa- 
tion, 139 

Phenols, condensation with acetylene, 
154,155 

solubility of acetylene in, 30 
reaction with acetylenes, 127, 128 
reaction with ace tylides, 45 
Phenylacetylene . reaction with iodine, 92 
sodium compound, reaction with ke- 
tones, 82, 84 

Phenyl magnesium bromide, acetylenic 
Grignard from, 47 

Phosphine, impurity in acetylene, 11, 12, 
13 

removal from acetylene, 37 
Phosphoric acid, in catalyst for hydra- 
tion of acetylene, 116 
Phosphorus, as byproduct of calcium 
carbide, 8 

Phosphorus carbide, 49 
Phosphorus halides, addition to acety- 
lene, 40, 69 

Phloroglucinol, condensation with acety- 
lene, 155 
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Photochlorination, of acetylene, 102, 103, 
105 

Photobromination, of acetylene, 106 
Photopolymerization, of acetylene, 150, 
164 

of chloroprene, 176 

Picolines, from condensation of acety- 
lene with ammonia, 157 
Platinum, catalyst for condensation of 
acetylene, 142, 143, 144 
catalyst for decomposition of acety- 
lene, 15 

catalyst for hydrogenation of acety- 
lene, 96 

Poly glycol esters and ethers, as acetylene 
solvents, 34 

Polymerization, of acetylene, by cuprous 
salts, 160-166 
thermal, 138-146, 147-149 
by radiations, 150-151 
mechanism of, 139, 140 
of chloroprene, 175, 176 
of di vinyl acetylene, 166 
of vinylacetylene, 165 
Polymers, of acetylene, 151, 164-166 
of chloroprene, 175, 177, 179 
of divinylacetylene, 165, 166 
of vinylacetylene, 165 
Potassium acetylide, 42 
reaction with lead and nickel thio- 
cyanates, 49 

Potassium alkylacetylides, reaction with 
bromine, 92 

Potassium carbide, 4, 5, 44 
Potassium cyanide solutions, reaction 
with acetylides, 50, 51 
Potassium ferricyanide, oxidation of 
cuprous acetylides, 89 
Potash, alcoholic, for dehydrohalogena- 
tions, 18 

isomerization of alkylacetylenes and 
alienee by, 80 
Praseodymium carbide, 4 
Pressure, effect on decomposition and 
explosions of acetylene, 16 
Propiolic acid, 72, 89 
iodo-, 72 

iodoacetylene from, 91 
Propionaldehyde, solubility of acetylene 
in, 31 

Propionic acid, addition to acetylene, 131 
n-Propylacetylene, 75 
Propylene, condensation with acetylene, 
153 

from methane and acetylene, 153 
l-Propyne, 3 phenyl-, 79 


Pseudocumene, from condensation of 
acetylene, 139 

Purification, of acetylene, from carbide, 
12,13 

of acetylene from pyrolysis by selective 
solvents, 33-34 

of acetylene in laboratory, 36, 37 
Purifying materials, for acetylene from 
carbide, 12, 13 

Pyrazol, from acetylene and diazo- 
methane, 136 

Pyridine, in catalyst for acetylene poly- 
merization, 162 

Pyridine bases, from acetylene condensa- 
tions, 136, 157 

Pyrene, from condensation of acetylene, 
139 

Pyrogallol, condensation with acetylene, 
155 

Pyrolysis, of organic compounds, pro- 
duction of acetylene by, 20-23. 

(see also combustion.) 

metals in apparatus for, 16 
Pyrrole, from condensation of hydrogen 
cyanide and acetylene, 156, 157 

Qualitative tests, for acetylene, 37, 38 
Quantitative determination, of acety- 
lene, 38 

Quinoline bases, from condensation reac- 
tions of acetylene, 157 
Quinaldine, from acetylene and aniline, 
157 

Radon, polymerization of acetylene by, 
151 

polymerization of vinylacetylene by, 
165 

Raman spectrum, of acetylene, 1 
Raney nickel, catalyst for hydrogenation 
of acetylene, 97 

Rearrangement, molecular, see isomeri- 
zation 

Reducing agents, in preparation of cup- 
rous acetylide, 37, 38 
Reducing flame, of acetylene, 109 
Resins, from vinylacetate, 131 
Resorcinol, condensation with acetylene, 
155 

Resorcinol dimethyl ether, condensation 
with acetylene, 155 
Rosin, in neoprene compounding, 180 
Rubber, xynthetic, see neoprene, oxy- 
prene 

Rubidium acetylide, 42 
Rubidium carbide, from acetylide, 44 
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Selective solvents, for acetylene, 30, 33, 
34 

Selenium, condensation with acetylene, 
159 

Selenium dioxide, oxidation of acety- 
lenes by, 113 

Selenophene, from acetylene, 159 
Separation, of acetylene from gas mix- 
tures, 29, 33-34 

Shipping, of acetylene, legal restrictions 
on, 2 

Silent electric discharge, polymerization 
of acetylene, 151, 164 
Silicomethane, as impurity in acetylene, 
11 

Silica gel, as adsorbent for acetylene, 34 
for polymerizing impurities in acety- 
lene, 34 

Silver acetylides, preparation of, 50, 
52-55 

as detonating agents, 55 
Silver carbide, 51 , 53 
Silver cyanide, acetylide from, 50 
Silver imide, reaction with acetylene, 47 
Silver nitrate, reagent for determination 
of acetylene, 38 

Silver salt of acetylene dicarboxylic acid, 
53 

Silver salts, addition to acetylene, 40, 69 
reaction with sodium acetylide, 49 
Silver vinylacetylide, 164 
Sodamide, acetylides from, 43, 45, 48 
isomerization of acetylenes and allenes 
by, 79, 80 

Sodium, isomerization of acetylenes and 
allenes by, 79 

Sodium acetylide, conductivity in liquid 
ammonia, 4 

preparation of , 42, 43, 45, 47, 48 
reaction with aldehydes and ketones, 
81-84 

with alkyl sulfates and sulfonates, 
74, 78 

with allyl halides, 77, 78 
with carbon dioxide, 89 
with halogens, 91, 92 
with olefin oxides, 86 
with organic hallides, 74, 77 
with salts, 49 

Sodium acetate, from acetylene, 124 
Sodium alkylacetylides, preparation, 48, 
77,79 

reaction with acetylenic carbinyl bro- 
mides, 78 

reaction with alkyl halides, 77 


reaction with methyl sulfate, 79 
reaction with iodine, 92 
Sodium vinylacetylide, 165 
Sodium carbide, 4, 5, 44 
Sodium chloride, in cuprous chloride 
catalyst for polymerization of acety- 
lene, 160 

Sodium chlorate, oxidation of acetylene 
by, 113 

Sodium methyl, reaction with acetylene, 
45 

Sodium propiolate, oxidation of cuprous 
compound, 93 

Softening agents, for neoprene, 180 
Solid acetylene, 1, 16 
Solubility, of acetylene, 29-32, 45 
Solvents, for acetylene, 29-43 
for separation and purification of 
acetylene, 33-34 
Spectrum, of acetylene, 1 
of vinyl acetylene, 164 
Stabilizers, for plastic polymer, 179 
Stannic chloride, catalyst for condensa- 
tion of acetylenes with acetyl chlo- 
ride, 155 

Steam, as diluent in thermal condensa- 
tion of acetylene, 142 
Storage, of acetylene in solvents, 30, 33 
legal restrictions on, 2 
Strontium carbide, 4, 6 
Styrcnene, from acetylene condensation, 
139,148 

from condensation of benzene with 
acetylene, 154, 155 
from vinylacetylene, 165 
Substitution reactions, of acetylene, 
71-94 

Succinic dinitrile, from condensation of 
acetylene with hydrogen cyanide, 
153 

Succinic acid, from oxidation of neo- 
prene, 179 

Sulfonation, of acetylenes, 71 
Sulfonic acids, in catalyst for hydration 
of acetylene, 116 

in catalyst for addition of carboxylic 
acids to acetylene, 130, 131 
Sulfur, condensation with acetylene, 158, 
159 

Sulfur dioxide, as reducing agent in 
preparation of cuprous acetylide, 52 
liquid, as acetylene solvent, 34 
removal from acetylene, 37 
Sulfur monochloride, reaction with di- 
vinyl acetylene, 166 
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Sulfuric acid, condensation of acetylene 
by, 146 

reagent for purifying acetylene, 34, 37 
Sulfuryl chloride, reaction with divinyl 
acetylene, 166 

Synthesis from acetylene, reviews, In- 
troduction 

Tensile properties, of neoprene, 180 
Terpene alcohols, addition to acetylene, 
128 

Test papers, for detection of acetylene, 
37,52 

Tetrabromoe thane, from acetylene, 105, 
106 

acetylene from, 18, 10 
Tetrabromoethylene, acetylene from, 19 
Tetrachloroethane, from acetylene, 101- 
105 

Tetrahydronaphthalene, condensation 
with acetylene, 154 
from acetylene condensation, 139 
Tetraiodoethylene, from calcium car- 
bide, 91 

Tetramers, of acetylene, 161, 162, 166 
N, N, N', N' Tetramethylaminoacet- 
ainide, solubility of acetylene in, 31 
Tetramethylurea, as acetylene solvent, 
31,34 

Thioacetaldehyde, from acetylene, 135 
Thioethers, from di vinyl acetylene, 166 
from vinylacetylene, 165 
Thioethers, ethynyl, 71 
Thionaphthene, from condensation of 
acetylene with sulfur, 159 
Thioxene, from condensation of acety- 
lene with sulfur, 159 

Thiophene, from condensation of acety- 
lene with sulfur, 159 
Thiophenols, addition to divinylacety- 
lene, 166 

addition to vinylacetylene, 165 
Tin, effect in condensation of acetylene, 
145 

Tin imide, reaction with acetylene, 47 
Toluene, from condensation of acetylene, 
139 

condensation of acetylene with, 154 
Toluidine, ortho-, condensation with 
acetylene, 157 
Trialkynyl carbinols, 72 
1,2,3-Triazole, from acetylene, 136, 137 
1,2,3 Triazole, 1-phenyl-, from acety- 
lene, 137 

Tribromoe thane, acetylene from, 19 


Tribromoethylene, acetylene from, 19 
Trichloroethane, from acetylene, 100 
Trichloroethylene, from acetylene, IC^ 
Trichlorovinylarsine, from acetylene, 67 
Trimers, of acetylene, 151, 155-156 
of chloroprene, 175, 176 
Trimethyl carbonate, as acetylene sol- 
vent, 31 

Triple bond, locating position of, 113 
Triphenylmethyl chloride, reaction with 
acetylenic Grignards, 79 
Trithioacetaldehyde, from acetylene, 
135 

Tungsten halides, reduction by acetylene 

Uranium acetate, oxidation of acetylene 
by, 113 

Urea, tetramethyl-, as acetylene solvent, 
31,34 

Vapor pressure, of acetylene, 1 
of vinylacetylene, 164 
Vinyl acetate, from acetylene, 117, 129- 
131 

polymers of, 131 

Vinylacetylene, acetylides from, 164-165 
addition reactions of, 92, 165, 171-173 
from desaturation reactions, 164 
from electric discharge in acetylene, 
151, 164 

from thermal polymerization of acety- 
lene, 139, 164 

from catalytic polymerization of acety- 
lene, 169-164 

from photopolymerization of acety- 
lene, 164 

impurity in butadiene, 164 
physical properties of, 164 
polymerization of, 165 
substitution reactions of, 165 
Vinylacetylene, dialkylaminomethyl-, 
165 

Vinyl bromide, acetylene from, 18 
from acetylene, 99-100 
Vinyl chloride, acetylene from, 18, 19 
from acetylene, 99-100 
Vinyl esters, from acetylene, 129-131 
Vinyl ethers, from acetylene, 126-128 
Vinyl ethyl sulfide, from acetylene, 135 
Vinyl formate, 131 

Vinyl halides, acetylene from, 18-19 
from acetylene, 99-100 
Vinyl iodide, from acetylene, 99-100 
Volumetric determination, of acetylene, 
38 
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Water, addition to acetylene, 115-119 
addition to divinylacetylene, 166 
addition to vinyl acetylene, 165 
solubility of acetylene in, 30, 32, 34 
Welding,* with acetylene, 109, 110 
with vinylacetylene, 164 

Xanthene, dihydroxymethyl-, from 
acetylene condensation with re- 
sorcinol, 155 

Xylenes, condensation with acetylene, 
154 

from acetylene, 139 


Xylidene, met a, condensation with 
acetylene, 157 

Zinc acetylide, 47, 57 
Zinc carbide, 47 

Zinc chloride, catalyst for polymeriza- 
tion of acetylene, 145 
Zinc ethyl iodide, acetylide from, 47 
Zinc diethyl, carbide from, 47 
Zinc oxide, in neoprene compounding, 
180 

Zinc salts, in catalytic addition of water 
to acetylene. 69 
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